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I.

SUMMARY

Pain is an experience with an important physiological function and beneficial for survival. Retraction from
noxious stimuli can avert physical harm and recuperative behaviors such as immobilization promote
healing after injuries. On the other hand, in potentially life threatening situations, it can be beneficial for
survival to suppress pain. Descending pathways mediate this top‐down control of pain. Key central
nervous system (CNS) regions and neurotransmitter systems have been identified in these pathways, but
the precise circuit, including the identity of involved neuron populations, remains elusive.

The functional analysis of pain circuits has long been hampered by the inability to identify and manipulate
its cellular components. In the laboratory of Prof. Zeilhofer, we established a surgical procedure in mice:
intraspinal injections of recombinant adeno associated viruses (rAAVs) (Haenraets et al., in revision). This
technique enables the precise temporal and spatial delivery of any rAAV‐encoded protein to cell
populations.
To further increase the specificity of virus‐mediated transgene delivery, we studied the impact of
serotypes and promoters on neural transduction. We analyzed transduction at the injection site itself, as
well as of distant neurons sending only projections to the injection site, such as neurons of the brain stem,
cortex or the dorsal root ganglia (DRG). We found that all serotypes were able to transduce distant,
connected neurons. However, by using the hSyn1 promoter, retrograde transduction, i.e. transduction of
axons and axon terminals, was greatly reduced. Therefore, using this promoter provides a means to avoid
the concurrent expression of effector proteins in DRG or supraspinal neurons when targeting the spinal
cord. Conversely, retrograde transduction of supraspinal sites targeting the spinal cord can be enhanced
up to 20‐fold by using the recently developed AAV2retro serotype (Haenraets et al., 2017).

We employed these techniques to analyze the function of spinal interneurons marked by the expression
of the transcription factor Gbx1, which had previously been suggested as a genetic marker of a subset of
inhibitory dorsal horn neurons. We characterized Gbx1‐expressing neurons in the adult mouse dorsal horn
and found that Gbx1 neurons constitute a heterogeneous subset of inhibitory interneurons in laminae I
to IV. We concluded that Gbx1 is a suitable driver for selective transgene expression in this subpopulation
of inhibitory interneurons and therefore generated and characterized a Gbx1iCre mouse line.
Subsequently, we injected Cre‐dependent rAAV vectors containing hSyn1 promoter‐controlled expression
cassettes into the spinal cord of adult Gbx1iCre mice. We manipulated the activity of spinal Gbx1 neurons
using targeted expression of the pharmacogenetic receptors hM3Dq and hM4Di for neuron activation and
inhibition, respectively. While inhibition of spinal Gbx1 neurons had little effect on the responses to acute
noxious stimuli, activation markedly reduced responses to noxious mechanical, cold and heat stimuli.
This finding lead to the hypothesis that supraspinal input is required to recruit spinal Gbx1 neurons to
mediate analgesia. To test this hypothesis, we used pharmacogenetic inhibition of Gbx1 neurons in
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combination with swim stress. We found that temporary loss of function of Gbx1 neurons entirely
prevented swim stress‐induced analgesia, showing that Gbx1 neurons are indeed necessary for stress‐
induced analgesia.
We identified several brain areas that supply descending projections onto spinal Gbx1 neurons. The large
majority of input originated from inhibitory neurons of the rostral ventromedial medulla (RVM). We
confirmed these brainstem neurons to provide functional synaptic input onto spinal Gbx1 neurons. We
therefore propose that this inhibitory RVM‐spinal cord pathway controls Gbx1 neurons, a spinal inhibitory
interneuron population crucial for stress‐induced analgesia (Haenraets et al., in preperation).

HAENRAETS, K., ALBISETTI, G. W., FOSTER, E. & WILDNER, H. in revision. Manipulating genetically defined
neurons of the mouse spinal cord by intraspinal injection of recombinant AAV. J Vis Exp.
HAENRAETS, K., FOSTER, E., JOHANNSSEN, H., KANDRA, V., FREZEL, N., STEFFEN, T., JARAMILLO, V.,
PATERNA, J. C., ZEILHOFER, H. U. & WILDNER, H. 2017. Spinal nociceptive circuit analysis with
recombinant adeno‐associated viruses: the impact of serotypes and promoters. J Neurochem,
142, 721‐733.
HAENRAETS, K., GANLEY, R. P., SCHALBETTER, S., LUZI, F., FUCHS, M., YANG, L., JOHANNSSEN, H.,
WILDNER, H. & ZEILHOFER, H. U. in preperation. Identification of a spinal inhibitory interneuron
population critical for stress‐induced analgesia.
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II.

ZUSAMMENFASSUNG

Schmerzen haben eine wichtige physiologische Funktion und sichern das Überleben. Schädlichen Einflüssen
auszuweichen ist essentiell um physischem Schaden vorzubeugen und schonendes Verhalten fördert die
Heilung nach Verletzungen. Andererseits kann es in potentiell lebensgefährlichen Situationen von Nutzen
sein Schmerzen zu unterdrücken. Absteigende Schmerzbahnen vermitteln diese Top‐down‐Kontrolle des
Schmerzes. Entscheidende Regionen des Zentralnervensystems (ZNS) und wichtige Neurotransmitter‐
Systeme für diese Kontrolle wurden identifiziert, aber die genauen Schaltkreise, einschließlich der Identität
spezifischer Neuronenpopulationen, sind nach wie vor unbekannt.

Die funktionelle Analyse von neuronalen Schmerznetzen wurde lange dadurch behindert, dass ihre
zellulären Komponenten nicht identifiziert und manipuliert werden konnten. Wir haben eine
Operationstechnik an Mäusen, intraspinale Injektionen von rekombinanten Adeno‐assoziierten Viren
(rAAVs), im Labor von Prof. Zeilhofer etabliert (Haenraets et al., eingereicht). Diese Technik ermöglicht die
zeitlich und räumlich präzise Applikation eines beliebigen rAAV‐kodierten Proteins. Das Protein kann
hierdurch spezifisch in bestimmten Zellpopulationen exprimiert werden.
Um die Spezifität weiter zu erhöhen, untersuchten wir den Einfluss von Serotypen und Promotoren auf die
Transduktion von Neuronen. Wir haben die Transduktion von Neuronen an der Injektionsstelle, als auch von
solchen in weiter entfernten Regionen (Hirnstamm, Kortex und Spinalganglien), die zu der Injektionsstelle
projizieren, analysiert. Wir stellten fest, dass alle Serotypen Neuronen in entfernten Regionen transduzieren
können. Durch Verwendung des hSyn1‐Promotors kann jedoch die retrograde Transduktion, d.h. die
Transduktion über Axone und Axonteminale, stark reduziert werden. Daher stellt die Verwendung dieses
Promotors ein geeignetes Mittel dar, um zu verhindern, dass das Effektorprotein abgesehen von
Rückenmarkneuronen auch in Spinalganglien oder in supraspinalen Nervenzellen exprimiert wird.
Andererseits kann die Effizienz der retrograden Transduktion von supraspinalen Neuronen, die auf das
Rückenmark projizieren, durch Verwendung des kürzlich entwickelten AAV2retro‐Serotyps um das 20‐fache
erhöht werden (Haenraets et al., 2017).

Wir verwendeten diese Techniken, um die Funktion von spinalen Interneuronen zu untersuchen, die durch
die Expression des Transkriptionsfaktors Gbx1 gekennzeichnet sind. Gbx1 wurde zuvor als genetischer
Marker einer Untergruppe von inhibitorischen Hinterhornneuronen vorgeschlagen. Wir charakterisierten
Gbx1‐exprimierende Neuronen im Hinterhorn der erwachsenen Maus und fanden heraus, dass Gbx1‐
Neuronen eine heterogene Untergruppe von inhibitorischen Interneuronen in den Laminae I‐IV bilden. Wir
folgerten, dass der Gbx1 Lokus dafür geeignet ist, ein Transgen selektiv in dieser Subpopulation von
inhibitorischen Interneuronen zu exprimieren. Daher generierten wir eine Gbx1iCre‐Mauslinie und
charakterisierten diese. Wir injizierten Cre‐abhängige rAAV‐Vektoren, die hSyn1‐Promotor‐kontrollierte
Expressionskassetten enthielten, in das Rückenmark dieser Mäuse. Dies ermöglichte die Manipulation der
Aktivität von spinalen Gbx1‐Neuronen, durch gezielte Expression der pharmakogenetischen Rezeptoren
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hM3Dq und hM4Di. Die Inhibierung der spinalen Gbx1‐Neuronen (über hM4Di) hatte nur einen geringen
Einfluss auf die Reaktionen der Tiere auf akute schädliche Reize. Dagegen reduzierte die Aktivierung (über
hM3Dq) die Reaktionen auf schädliche mechanische, kalte und heisse Stimuli deutlich. Dies deutet darauf
hin, dass supraspinaler Input für die Rekrutierung von Gbx1‐Neuronen erforderlich ist, um Analgesie
herbeizuführen. Für die Überprüfung dieser Hypothese verwendeten wir die pharmakogenetische
Inhibierung von Gbx1‐Neuronen in Kombination mit Schwimmstress. Wir stellten fest, dass ein temporärer
Funktionsverlust der Gbx1‐Neurone, die durch Schwimmstress verursachte Analgesie vollständig
verhinderte.
Wir identifizierten mehrere Gehirnareale, von denen absteigende Projektionen auf spinale Gbx1‐Neurone
ausgehen. Der Grossteil stammte von inhibitorischen Neuronen der rostralen ventromedialen Medulla
(RVM). Wir konnten verifizieren, dass diese Hirnstammzellen funktionale Synapsen mit spinalen Gbx1‐
Neuronen bilden. Daher schlagen wir vor, dass diese inhibitorische RVM‐Rückenmarksverbindung dazu
dient Gbx1‐Neuronen zu kontrollieren, welche eine spinale inhibitorische Interneuronpopulation darstellen,
die kritisch für die stressinduzierte Analgesie sind (Haenraets et al., in Vorbereitung).

HAENRAETS, K., ALBISETTI, G. W., FOSTER, E. & WILDNER, H. in revision. Manipulating genetically defined
neurons of the mouse spinal cord by intraspinal injection of recombinant AAV. J Vis Exp.
HAENRAETS, K., FOSTER, E., JOHANNSSEN, H., KANDRA, V., FREZEL, N., STEFFEN, T., JARAMILLO, V.,
PATERNA, J. C., ZEILHOFER, H. U. & WILDNER, H. 2017. Spinal nociceptive circuit analysis with
recombinant adeno‐associated viruses: the impact of serotypes and promoters. J Neurochem, 142,
721‐733.
HAENRAETS, K., GANLEY, R. P., SCHALBETTER, S., LUZI, F., FUCHS, M., YANG, L., JOHANNSSEN, H., WILDNER,
H. & ZEILHOFER, H. U. in preperation. Identification of a spinal inhibitory interneuron population
critical for stress‐induced analgesia.
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GLOSSARY

Symbol

Description

5‐HT
AAV
AmpR
ASLV
Aβ
BAC
BGH
Bhlhb5
BL
bp
CAG

serotonin, 5‐hydroxytryptamine
adeno‐associated virus
ampicillin resistance
avian sarcoma leukosis virus
Amyloid beta
bacterial artificial chromosome
bovine growth hormone
basic helix‐loop‐helix
baseline
basepair
synthetic "promoter" consisting of (C) the cytomegalovirus (CMV) early enhancer element, (A)
the promoter, the first exon and the first intron of chicken beta‐actin gene, (G) the splice acceptor
of the rabbit beta‐globin gene
canine adenovirus‐2
cannabinoid receptor type 1
calcitonin gene‐related peptide
choline acetyltransferase
Channelrhodopsin‐2
low‐threshold mechanosensory neurons
caudal ventrolateral medulla
clozapine‐N‐oxide
central nervous system
chloroquine
control
cerebral cortex
4',6‐diamidino‐2‐phenylindole
deep dorsal horn
diethyl pyrocarbonate
dorsal horn
deoxyribonucleic acid
designer receptors exclusively activated by designer drugs
dorsal root ganglion
dorsoreticular nucleus
diphtheria toxin fragment A
enhanced green fluorescent protein
Elongation factor 1‐alpha
envelope protein from avian sarcoma leukosis virus type A
estrogen receptor
embryonic stem cell
fluorescence in situ hybridization
flip‐excision
flippase
Flp recombinase target
forward
ɣ‐aminobutyric acid
glutamic acid decarboxylase
galanin
gastrulation brain homeobox
Genetically encoded calcium indicator
genetically encoded voltage indicator
Glial fibrillary acidic protein
green fluorescent protein
glycine transporter
G‐protein‐coupled receptor
gigantocellular reticular nucleus
histamine
human elongation factor‐1 alpha
human M3 muscarinic DREADD receptor coupled to Gq
human M4 muscarinic DREADD receptor coupled to Gi
Hippocampal formation
herpes simplex virus
human synapsin 1
human T‐cell leukemia virus type 1

CAV2
CB1
CGRP
ChAT
ChR2
C‐LTMRs
CLVM
CNO
CNS
CQ
ctrl
CTX
Dapi
ddh
DEPC
dh
DNA
DREADDs
DRG
DRT
DTA
eGFP
EF1a
EnvA
ER
ESC
FISH
FLEX
Flp
FRT
fwd
GABA
GAD
Gal
Gbx
GECI
GEVI
GFAP
GFP
GlyT
GPCR
GRN
HA
hEF1α
hM3Dq
hM4Di
HPF
HSV
hSyn1
hTLV1
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HY
i.d.
i.p.
i.s.
i.t.
IB4
iCre
IHC
IRES
ISH
ITRs
LC
Lmx1b
LPb
LTK
MARN
MB
MOp
mRNA
MY
NA
NeoR
NeuN
NF
NK1R
nNos
NpHR
NPY
NTS
pA=polyA
PAF
PAG
Pax
Pax2
PB
PBN
PBS
PCR
penk
PFA
PGK
PGRN
PN
PPY
PRV
PV=Pvalb
rAAV
rev
RF
RG
RM
RN
RPA
RV
RVM
sdh
SEM
SG
SIA
spc
SSP‐ll
TeLC
TH
TK
Tlx
TPH
TRE
TRPV1
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hypothalamus
intradermal
intraperitoneal
intraspinal
intrathecal
isolectin B4
improved Cre
immunohistochemistry
internal ribosomal entry site
in situ hybridization
inverted terminal repeats
locus coeruleus
LIM homeobox transcription factor 1‐beta
lateral parabrachial area
Institute of Laboratory Animal Sciences
magnocellular reticular nucleus
midbrain
Primary motor area
messenger ribonucleic acid
medulla
noradrenaline
neomycin resistance
marker for neuronal nuclei
neurofilament
Neurokinin 1 receptor
neuronal nitric oxide synthase
Halorhodopsin
neuropeptide Y
nucleus of the solitary tract
polyadenylation
primary afferent fiber
periaqueductal grey
paired box
Paired box gene 2
phosphate buffer
parabrachial nucleus
phosphate buffered saline
polymerase chain reaction
proenkephalin
paraformaldehyde
phosphoglycerate kinase
Paragigantocellular reticular nucleus
projection neuron
Parapyramidal nucleus
pseudorabies virus
parvalbumin
recombinant adeno‐associated virus
reverse
reticular formation
rabies G‐protein, also RabG or SAD‐G
Nucleus raphe magnus
Red nucleus
Nucleus raphe pallidus
rabies virus
rostral ventromedial medulla
superficial dorsal horn
standard error of the mean
substantia gelatinosa
stress‐induced analgesia
spinal cord
Primary somatosensory area, lower limb
Tetanus toxin light chain
tyrosine hydroxylase
thymidine kinase
T‐Cell Leukemia Homeobox
Tryptophan hydroxylase
tet‐response element
transient receptor potential cation channel subfamily V member 1

tTA
TVA
UTR
veh
vGAT
VIAAT
WDR
wt

tet‐controlled transactivator
avian tumor virus receptor A
untranslated region
vehicle
vesicular GABA transporter (=VIAAT)
vesicular inhibitory amino acid transporter (=vGAT)
wide dynamic range
wildtype
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1.

INTRODUCTION

Pain has an important physiological function and is beneficial for survival. Retraction from noxious stimuli
can avert physical harm and recuperative behaviors such as immobilization allow healing after injuries.
Rare loss of function mutations of Nav1.7, which lead to an inability to sense pain, can cause frequent
injuries and early death (Cox et al., 2006). On the other hand, in situation of acute danger, that could pose
an even greater risk to health or survival, it can be beneficial for survival to suppress pain. Descending
pain pathways mediate this top‐down control of pain. Key central nervous system (CNS) regions and
neurotransmitter systems have been identified in these pathways, but the precise circuit, including the
identity of specific neuron populations, remains elusive.

In the following sections, we describe the pain circuit and recently developed techniques to study its
components. First, components of the pain circuit are delineated, and the current knowledge about spinal
inhibitory interneurons and descending inhibitory projections to the spinal cord are reviewed. Then, we
present a wide range of tools that enable the dissection of the pain circuit and comprehensive
characterizations of its components.

1.1. The pain circuit
Primary afferent neurons of the dorsal root ganglia detect sensory stimuli in the periphery and terminate
in the dorsal horn of the spinal cord. Here, a complex network of interneurons and descending projections
processes the signal, before it can be relayed to higher brain centers, where conscious perception is
generated (Fig. 1.1).

Fig. 1.1 Spinal cord neuroanatomy. Different types of primary afferent fibers terminate in different layers of the dorsal horn where
a variety of interneurons and projection neurons receives the signal. From the spinal cord, the signal is eventually transmitted via
ascending tracts to higher brain centers. Taken from Braz et al. (2014), license for re‐use # 4264220002417.
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1.1.1. Primary afferents
Primary afferents of different classes differ in size, myelination and concomitant conduction velocity,
molecular markers and the types of stimuli they transmit. Large‐diameter myelinated (Aβ) primary
afferents detect innocuous mechanical and proprioceptive information. They terminate mainly in the
deep dorsal horn (laminae III‐V). Aδ‐fibers are smaller, more thinly myelinated, therefore more slowly
conducting and they target laminae I and V. Type I Aδ‐fibers (high threshold mechanical nociceptors)
respond to mechanical and chemical stimuli, but have high heat thresholds. They likely mediate the fast
pain upon noxious mechanical stimulation. Type II have a lower heat threshold but a very high mechanical
threshold indicating a role in sensing an acute pain response to noxious heat (Basbaum et al., 2009).
Unmyelinated C‐fibers are slow conductors and can be subclassified into at least three groups: peptidergic
and non‐peptidergic nociceptors (and pruriceptors) and C‐low threshold mechanoreceptors (C‐LTMRs)
that have been associated with pleasant touch (for a review see Braz et al., 2014). The C‐nociceptors
terminate in the superficial dorsal horn (laminae I and II), whereas the C‐LTMRs terminate in the ventral
part of inner lamina II (Fig. 1.1). Recently, single‐cell RNA sequencing studies have identified several
additional sensory neuron subclasses with corresponding markers (Usoskin et al., 2015, Li et al., 2016).

1.1.2. Gate control theory of pain
More than 50 years ago, Melzack and Wall (1965) proposed in their “gate‐control theory of pain” that
inhibitory interneurons in the substantia gelatinosa (SG) in the superficial dorsal horn control whether
nociceptive signals are relayed by the transmission system (T) to higher brain centers. The spinal dorsal
horn would therefore not only function as a mere relay center required for the transmission of peripheral
signals to the brain, but have a crucial role in filtering (enhancing or suppressing) peripheral signals.
According to Melzack and Wall, inhibitory neurons would receive both innocuous input from large
diameter fibers and noxious input from small diameter fibers. The former would recruit inhibitory
interneurons to dampen transmission of nociceptive information, thus closing the gate, whereas
nociceptive input would promote an open state of the gate. In addition to this spinal source of inhibition,
central control from the brain was also already suggested to modulate the properties of the gate control
system (Fig. 1.2). Thus, inhibition of transmission of nociceptive signals could derive from both spinal and
supraspinal sites.
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Fig. 1.2 Gate control theory of pain. According to this model proposed by Melzack and Wall (1965), inhibitory interneurons in the
substantia gelatinosa (SG) function as a gate to determine whether nociceptive information is relayed via transmission neurons (T)
to higher brain centers for conscious perception. Taken from Zeilhofer et al. (2012b), modified from …, license for re‐use #
4264230294869.

1.1.3. Inhibitory interneurons in the spinal cord
Since the gate control theory was postulated, a large body of evidence has supported the concept that
inhibition in the spinal cord plays a crucial role in preventing pain. Intrathecal application of the GABAA
receptor blocker bicuculline or the glycine receptor blocker strychnine lead to hyperalgesia (increased
sensitivity to painful stimuli), allodynia (pain evoked by innocuous stimuli) and spontaneous pain (Beyer
et al., 1985, Roberts et al., 1986). In addition, loss of spinal inhibition has been implicated in a large variety
of physiological and pathological pain states, such as inflammatory and neuropathic pain (for a review see
Zeilhofer et al., 2012a).
Inhibitory interneurons in the spinal cord do not only differ from each other in the neurotransmitter they
use (GABA and/or glycine), but have been found to be highly heterogeneous based on different
classification methods. Classically, action potential firing pattern (tonic, phasic/ transient/ initial burst,
gap, delayed or reluctant) or dendritic tree morphology (islet, central, radial, vertical and unclassified)
(Grudt and Perl, 2002) have been used. Although tonic firing and islet cell morphology predominantly
occur in inhibitory interneurons, many of the other can apply to both excitatory and inhibitory
interneurons. In addition, these attributes were not reconcilable with a functional classification.

Genetic markers enable selective manipulation and thus elucidation of the function of defined neuron
subpopulations. To identify new markers, gene expression screens have been performed (Wildner et al.,
2013, Li et al., 2006) and the expression of transcription factors, enzymes, neuropeptides, calcium‐binding
or other proteins has been characterized (Del Barrio et al., 2013, for a recent review see Todd, 2017). The
transcription factor Pax2 is expressed by vast majority of inhibitory interneurons in the dorsal horn and
can therefore be used as a global marker for inhibitory interneurons in the dorsal horn (Foster et al.,
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2015). Glycine transporter (GlyT) 2 marks the glycinergic subset of inhibitory interneurons (Poyatos et al.,
1997). In laminae I‐III of the lumbar rat (and slightly less clear cut also in the mouse) dorsal horn, four
largely non‐overlapping populations of inhibitory interneurons have been described marked by the
expression of NPY, galanin, nNOS and parvalbumin (Tiong et al., 2011, Polgar et al., 2013, Sardella et al.,
2011b, Iwagaki et al., 2013, Todd, 2017).

It is advantageous to use genetic markers for the identification of spinal subpopulations because they can
drive expression of any reporter or effector protein selectively in the population to be studied. The
subpopulation of interest can therefore be manipulated in the alive and behaving animal. Recent
development of a battery of genetic, molecular and viral tools (see below) has enabled specific
manipulations to attribute functions to several populations of interneurons.
Using these tools for specific manipulations of cell function, we have previously investigated glycinergic
neurons, which are primarily located in the deep dorsal horn. In line with the function of inhibitory
interneurons in the gate control theory, we found them to gate acute mechanical and thermal pain, itch
and spontaneous pain (Foster et al., 2015). A number of additional studies have meanwhile addressed the
function of other overlapping or distinct inhibitory interneuron populations. Early Ret+, likely also
glycinergic, neurons of the deep dorsal horn were also implicated in mechanical and thermal pain (Cui et
al., 2016). Parvalbumin‐expressing cells and enkephalinergic (Penk) neurons, which can be excitatory or
inhibitory, were found to gate mechanical, but not thermal pain (Petitjean et al., 2015, Francois et al.,
2017). Similarly, Duan et al. (2014) described inhibitory neurons of the dynorphin lineage to prevent
mechanical, but not thermal pain. These cells include galanin‐expressing neurons in the superficial dorsal
horn and likely some of the nNOS‐expressing cells that are mainly located in subjacent layers (Sardella et
al., 2011a, Kardon et al., 2014). BI‐5 neurons, which transiently express the transcription factor Bhlhb5,
were found to be necessary for normal itch processing and neuropeptide Y (NPY) neurons were attributed
with a function in mechanical itch, but not chemical itch or pain (Ross et al., 2010, Kardon et al., 2014,
Bourane et al., 2015a).
A number of additional inhibitory interneuron subpopulations have been identified that remain to be
functionally characterized. Some will be overlapping with well‐studied populations and share (some of)
their functions, but the here described differences suggest that attributions of specific functions to
additional subpopulations are more than likely. In addition, the precise circuitry also remains to be
resolved.

1.1.4. Descending pain control
According to the Gate control theory of pain, not only inhibition from within the spinal cord mediates pain
control, but also descending projections from the brain. Descending pain control plays a role in a variety
of physiological and pathological conditions. Under resting conditions, a balance between descending
inhibition and descending facilitation maintains a basic level of nociceptive transmission. In potentially
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life‐threatening situations, stress activates descending inhibition to mediate analgesia thus enhancing
performance. Descending facilitation on the other hand promotes protective and recuperative behaviors
when acute danger has subsided. Cognitive‐emotional factors, such as attention and expectation, mood
and fear also play a role in descending pain modulation.
Several brain regions are involved in descending pain control. Among these are cortical regions, the
hypothalamus, the amygdala, the periaqueductal grey (PAG), the rostral ventromedial medulla (RVM), the
pontine locus coeruleus (LC) and other medullary areas (Fig. 1.3). Many of these regions have bidirectional
roles in descending modulation of nociception. Especially the PAG‐RVM system is a central player in
mediating both descending facilitation and descending inhibition of nociceptive transmission. These
regions can supply input to several targets in the dorsal spinal cord. Direct contacts can be made onto
primary afferents via axo‐axonic synapses, onto spinal interneurons or projection neurons. In addition to
synaptic transmission, some of the descending control may also be mediated by volume transmission, in
which neurotransmitters diffuse to sites distant from the synaptic cleft permitting a more persistent and
widespread modulation of neuronal activity (Millan, 2002).

Fig. 1.3 Descending pain pathways. The main brain structures involved in the modulation of descending control of nociception are
highly interconnected. The periaqueductal grey (PAG) and the rostral ventromedial medulla (RVM) play a central role. NTS, nucleus
of the solitary tract; PBN, parabrachial nucleus; DRT, dorsoreticular nucleus; NA, noradrenaline; 5‐HT, serotonin; PN, projection
neuron; PAF, primary afferent fiber and DRG, dorsal root ganglion. Taken from Millan (2002), license for re‐use # 4264230646575.
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1.1.4.1. PAG
The midbrain periaqueductal grey projects to the RVM and the A7 (subcoeruleus) noradrenergic nucleus
of the medulla. The PAG is reciprocally interconnected with a diverse set of areas including the
hypothalamus, the parabrachial nucleus (PB), the nucleus of the solitary tract NTS, the frontal cortex and
the amygdala (Millan, 2002). Electrical stimulation of the PAG evokes analgesia (Reynolds, 1969). Similarly,
activation of RVM and higher centers elicit analgesia by inhibiting nociceptive transmission to the brain
(Basbaum and Fields, 1984). Electrical or chemical (by excitatory amino acids) stimulation of the PAG
suppresses the activity of ON cells, but stimulates that of OFF cells in the RVM (see below), indicating that
analgesia is mediated by this direct PAG‐RVM pathway (Moreau and Fields, 1986).

1.1.4.2. RVM
The rostral ventromedial medulla is a heterogeneous region including several nuclei and a variety of cells
with different functions and neurotransmitter phenotypes. With varying nomenclature of the brain areas,
the precise definition of the RVM is also not consistent. Roughly, it comprises the midline nucleus raphe
magnus (RM) and the adjacent reticular formation including the gigantocellular and magnocellular
reticular nucleus (GRN and MARN) (Millan, 2002, Suzuki et al., 2004). In a rostrocaudal direction, the RVM
stretches from the pontomedullary junction to the level of appearance of the pyramidal decussation
(Martins and Tavares, 2017). ON, OFF and NEUTRAL cells have been described in the RVM, based on their
response to noxious stimulation. ON cells display an increase in their neuronal activity, immediately prior
to a nociceptive reflex, OFF cells display a decrease and neutral cells neither (Heinricher et al., 2009). ON
and OFF cells function as the facilitating and antinociceptive output from the RVM, respectively. Some
NEUTRAL cells, but no ON‐ or OFF cells seem to be serotonergic (Gao and Mason, 2000, Gao and Mason,
2001, Potrebic et al., 1994). A variety of neurotransmitters including GABA, glycine, glutamate, serotonin,
opioid peptides and endocannabinoids have been implicated in the RVM function in descending
modulation of pain.
Opioids, injected systemically or directly into the PAG or RVM mediate analgesia, yet have a direct
inhibitory effect on neurons (Behbehani and Fields, 1979, Yeung et al., 1977, Tsou and Jang, 1964). To
reconcile these seemingly paradox results, Basbaum and Fields (1984) proposed the “GABA disinhibition
hypothesis of analgesia”, according to which tonically active GABAergic interneurons in the PAG and RVM
inhibit spinally projecting output neurons via GABAA receptors. Opioids would act on these local
GABAergic interneurons thus mediating disinhibition and analgesia. Meng et al. (1998) suggested
endocannabinoids to function in a similar way. A number of studies showed opioids to act on both, pre‐
and postsynaptic µ‐opioid receptors, cannabinoids only on presynaptic CB1 receptors. In the PAG, this
postsynaptic effect of opioids seems to be specific for GABAergic interneurons, whereas in the amygdala
and RVM this effect was observed in GABAergic neurons that project to the PAG and dorsal horn,
respectively. Nevertheless, several studies have also shown suppression of excitatory transmission by µ‐
opioids and endocannabinoids, indicating the complex interplay of opioidergic, cannabinoid,
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glutamatergic and GABAergic neurotransmitter systems (Lau and Vaughan, 2014). As an alternative to the
lateral inhibition by local interneurons proposed in the original model, a “parallel inhibition‐excitation
model” was proposed, according to which ON and OFF cells form distinct pathways mediating pro‐ and
antinociception, respectively (Cleary et al., 2008) (Fig. 1.4). In support, studies found that ON and OFF cells
project to the spinal cord (Fields and Heinricher, 1985) and that these cells act independently (Heinricher
and McGaraughty, 1998, Neubert et al., 2004). Others demonstrated inhibitory projections from the PAG
to the RVM (Morgan et al., 1987) and from the RVM to the spinal cord (Kato et al., 2006).

Fig. 1.4 GABA‐mediated disinhibition. Taken from (Lau and Vaughan, 2014), license for re‐use # 4264240452553.

In addition, Serotonin and Noradrenaline have been shown to play crucial roles in descending pain control.
Both act on a number of specific receptors, which, depending on their subtype and localization, can
mediate inhibitory or excitatory effects. Serotonin is predominantly expressed by neurons in the raphe
nuclei, which are located at the midline in the brainstem. The raphe magnus is in the center of the RVM.
Traditionally, serotonergic projections to the spinal cord were considered to mediate analgesia, but later,
also facilitatory effects have been described. It was shown that serotonergic cells are NEUTRAL cells
(Potrebic et al., 1994, Gao and Mason, 2000), but at least a subset of ON cells are likely also serotonergic
cells (c‐Fos+ after noxious stimulation). This excitatory serotonergic pathway to the spinal cord seems to
act via ionotropic 5‐HT3 receptors (Suzuki et al., 2002).
Noradrenergic input to the spinal cord is provided by pontine noradrenergic groups (A5‐A7), including the
locus coeruleus (Pertovaara, 2006). Suppression of pain is mediated by inhibition via α2A‐adrenoreceptors
on primary afferent terminals, via α2‐adrenoreceptors on spinal excitatory neurons and by activation of
inhibitory interneurons via α1‐adrenoreceptors (Pertovaara, 2006, Gassner et al., 2009).
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1.1.5. Ascending pain pathways
Three major ascending pathways, spinoreticular, spinomesencephalic and spinothalamic, transmit output
from the spinal cord to the brain, eventually relaying information to several cortical and limbic structures
such as the somatosensory cortex and the amygdala (Fig. 1.5). The projection neurons of these pathways
are located in lamina I and scattered throughout laminae III to VII, but are virtually absent from lamina II
in the lumbar spinal cord. Their axons travel rostrally in the contralateral white matter and terminate in
various nuclei, mainly on the contralateral side, but some also bilaterally. Among the main target areas
are the caudal ventrolateral medulla (CLVM), the nucleus of the solitary tract (NTS), the lateral
parabrachial area (LPb), the periaqueductal grey matter (PAG) and certain nuclei in the thalamus (Todd,
2010) (Fig. 1.5). Many projection neurons do not only project to one of these areas, but also have
collaterals in several target areas. Nevertheless, there do seem to be some preferred target areas for
certain projection neuron subpopulations. Neurokinin 1 receptor (NK1R)‐negative giant cells and a subset
of NK1R‐expressing cells with particularly large cell bodies are overrepresented among the spinothalamic
neurons (Polgar et al., 2008, Al‐Khater et al., 2008). The majority of lamina I neurons projecting to the
NTS, dorsal and lateral reticular nuclei, LPb and the PAG express NK1R whereas the picture for projection
neurons in the deep dorsal horn is more heterogeneous (Todd et al., 2000, Ding et al., 1995). The vast
majority of these NK1R‐expressing projection neurons and also of NK1R+ interneurons are excitatory
(Littlewood et al., 1995). Projection neurons which are located in lamina I are mostly nociceptive (or
pruriceptive) specific, whereas those in the deeper dorsal horn (lamina V) respond to both noxious and
innocuous stimulation and are therefore called wide dynamic range (WDR) projection neurons (Braz et
al., 2014).

Fig. 1.5 Ascending pain pathways. Primary afferent nociceptors terminate in the dorsal horn of the spinal cord. Projection neurons
transmit this information to the rostral ventromedial medulla (RVM), parabrachial nucleus (PB), periaqueductal grey (PAG) and
thalamus, from where it is relayed to the amygdala, insular, cingulate and somatosensory cortex. Taken from (Basbaum et al., 2009),
license for re‐use # 4264240739746.
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1.2. Methods to investigate pain circuits
In recent years, a growing number of genetic and molecular tools, as well as technical devices have been
developed that enable the dissection of pain circuits and functional studies of specific neuronal
populations. Classical methods include lesions, electrical stimulation and pharmacological modulation of
specific areas and neurotransmitter systems. These were combined with electrophysiological recordings
and investigations of nocifensive reflexes. Classical tracings were used to study projections between
anatomically defined areas. Nevertheless, these methods were not specific enough to dissect functional
populations of neurons in areas containing highly heterogeneous groups of neurons such as the spinal
dorsal horn. The invention of methods to generate genetically modified mice has greatly advanced the
field by enabling the study of genetically defined populations of neurons. Viral vectors in addition allow
targeting of cells in specific areas and at selected ages of the animal for tracings and functional
manipulations. Gene expression systems are employed in transgenic mice and/or viral vectors as genetic
switches to drive expression of reporter and effector proteins in specific cell populations. Finally, a
continuously growing toolkit has become available for analysis and functional manipulations of specific
neuronal populations.

1.2.1. Genetically modified mice
The development of methods to generate genetically modified animals is the basis of modern basic
research in neuroscience and many other fields of biology. Early methods to generate genetically modified
mice have relied on random insertion of the modified gene into the genome. Bacterial artificial
chromosomes (BACs) enabled coinsertion of larger stretches of surrounding DNA containing regulatory
elements, which reduces the risk of positional effects, such as silencing of the transgene (Yang et al., 1997,
Gong et al., 2003). BAC transgenes usually insert multiple times and drive strong expression, but random
integration can cause unwanted mutations depending on the site of integration. Generation of mice
harboring targeted mutations was made possible by the exploitation of homologous recombination and
embryonic stem cell technologies (for a review see Hansson, 2014). Depending on the targeting strategy,
a knockout, or the expression of a modified or newly introduced gene product can be the result.
Meanwhile individual labs and larger consortia, such as the GENSAT project, have generated a number of
genetically modified mice (Gong et al., 2003, Gong et al., 2007, Taniguchi et al., 2011, Madisen et al., 2012,
Madisen et al., 2015). With the recently developed genome engineering technique CRIPR‐Cas9,
genetically modified organisms of different species can be generated in shorter time and more cost‐
effectively (Hwang et al., 2013, Jiang et al., 2013, Wang et al., 2013, for a review see Sternberg and
Doudna, 2015). Thus, for future studies the choice of mouse lines and other species will be increasingly
larger, so that more specific and complex mechanisms and neuronal subpopulations can be investigated.
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1.2.2. Viral vectors
Viral vectors can add an additional level of control. Depending on the route of injection, cells in specific
areas can be targeted. In addition, transduction of cells with transient expression can be avoided by
injections at specific ages of the animal. However, compared to genetically modified mice, gene
expression levels vary between cells, invasive surgery may be required and viruses can be cytotoxic.
Adeno‐associated viruses (AAV), lentiviruses, herpes viruses and rabies viruses (RV) are among the viruses
most commonly used for transgene delivery to and tracing of neuronal circuits.

1.2.2.1. Adeno‐associated viruses
Adeno associated viruses (AAVs) are small, non‐enveloped, single‐stranded DNA viruses. Recombinant
(r)AAVs only retain the inverted terminal repeats (ITRs) of their endogenous genome. In between, a
selected promoter, a transgene of interest and additional elements to ensure transgene expression are
inserted. Their main disadvantage as viral vectors is a small transgene capacity of maximally 5 kb. On the
other hand, AAVs are non‐pathogenic, have low immunogenicity and can be produced in high titers. They
integrate only in very rare cases, yet they confer long‐term transgene expression. A large number of
different capsid variants (serotypes) occur naturally and additional serotypes have been generated.
Depending on the serotypes, different receptors and coreceptors may be mediating infection making
serotypes differentially suitable for transduction of certain target tissues and cell types. Here, we have
performed a comparative study to assess transduction efficiencies of several serotypes at the site of
injection and via axon terminals in connected areas. We found that all tested serotypes were highly
efficient at the injection site and capable of transducing DRG neurons and descending projections from
the brain after intraspinal injection (Haenraets et al., 2017). AAV2retro, a serotype recently generated by
molecular evolution (Tervo et al., 2016) was >20‐fold more efficient in transducing cells via their axon
terminals. Thus, AAV2retro might well replace canine adenovirus‐2 (CAV2) as the virus of choice for
retrograde infection (Soudais et al., 2001). In turn, we showed that using the synapsin promoter instead
of a strong CAG promoter greatly reduced the number of transduced neurons in connected areas. AAVs
have been used successfully in a number of studies to manipulate the pain circuitry (Foster et al., 2015,
Petitjean et al., 2015, Cui et al., 2016, Francois et al., 2017, Peirs et al., 2015). Our comparative study
highlights the importance of selecting a suitable serotype and promoter for the specific research question.

1.2.2.2. Lentiviruses
Lentiviruses are enveloped, single‐stranded RNA viruses. They infect dividing and non‐dividing cells and
integrate into the genome, thereby ensuring long‐term transgene expression. Their transgene capacity is
about 8 kb. Similar to AAVs, they also have low immunogenicity. Their main disadvantages for use as viral
vectors are a long incubation time and the risk of insertional mutagenesis, which can confound the results
depending on the insertion site. Lentiviruses have been used less frequently for transgene delivery in
recent studies of the sensory circuitry, but have also been successfully employed (Zhang et al., 2015).
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1.2.2.3. Herpes viruses
Herpes viruses are large, enveloped, double‐stranded DNA viruses that can be used as transneuronal
tracers. They have a large transgene capacity and a high transduction efficiency, but they can only be
produced at low titers. Herpes viruses are relatively complex with more than 70 genes and a complex life
cycle including retrograde transport from the periphery, a latent phase and anterograde transport back.
The most commonly used herpes viruses for circuit tracing are strains of herpes simplex virus type 1 (HSV‐
1) some of which spread preferentially in an anterograde (H129) or retrograde (McIntyre‐B) direction, and
the Bartha pseudorabies virus (PRV) strain, which spreads retrogradely (Callaway, 2008).

1.2.2.4. Rabies viruses
RV is an enveloped, negative‐sense single‐stranded RNA virus that is highly infectious and transmitted
retrogradely from post‐ to presynaptic neurons (Callaway, 2008). Early studies have used rabies virus as a
tracer to label pathways across multiple synapses (Ugolini, 1995). Ten years ago, a monosynaptic tracing
strategy based on a G‐deleted variant of the SAD B19 vaccination strain was introduced (Wickersham et
al., 2007) (Fig. 1.6). Ever since, this technique has been widely used to trace input to specific neuronal
populations of a particular location and/or cell type. In the spinal cord, it has been employed in several
studies to label primary afferent or supraspinal inputs to specific spinal target populations (Foster et al.,
2015, Bourane et al., 2015b, Francois et al., 2017). Despite its elegance in enabling tracing of
monosynaptically connected neurons, this technique has some limitations that need to be taken into
account. Even though rabies virus is transmitted exclusively in a retrograde direction from CNS neurons,
anterograde transmission from DRG neurons has been reported in neonatal mice (Zampieri et al., 2014).
In addition, our group showed peptidergic DRG neurons and C‐LTMRs to be resistant to rabies infection
(Albisetti et al., 2017). Similarly, also neuron subtypes in the CNS could be resistant. There are two major
limitations though. Firstly, only a fraction of inputs to starter cells are labeled and the probability is likely
different for different input cells. Secondly, rabies virus is cytotoxic and invariably kills infected neurons,
likely affecting cell health before cell death. This limitation impedes functional studies that require
integrity of the cells for more than a week (for a review see Callaway and Luo, 2015). Recent developments
addressing these limitations include an optimized rabies glycoprotein, a new CVS‐based rabies strain and
a self‐inactivating rabies virus. The codon‐optimized rabies glycoprotein oG increases transsynaptic
spread up to 20‐fold compared to B19G (Kim et al., 2016). The new rabies strain CVS‐N2cΔG also enhances
transsynaptic transfer and in addition reduces neuronal toxicity (Reardon et al., 2016). The self‐
inactivating rabies seems to completely overcome the issue of cytotoxicity by conditionally targeting the
virus N protein to the proteasome (Ciabatti et al., 2017). The authors report unaltered physiology,
connectivity and function for months after infection, which provides long‐term access for functional
studies.
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Fig. 1.6 A strategy for monosynaptic rabies tracing in Cre‐expressing mouse lines. In a first step, 1) a Cre‐dependent helper virus is
injected into the area of interest. 2) Cre‐mediated recombination results in expression of rabies G protein and TVA receptor
specifically in the Cre+ neuronal population of interest. 3) Next, a G‐deleted rabies virus pseudotyped with the envelope protein
from the avian sarcoma leukosis virus type A (EnvA) is injected. The receptor for EnvA, TVA, is not expressed endogenously in
mammalian cells and therefore rabies particles can only infect the Cre+ starter cells. 4) In these, rabies particles are trans‐
complemented with rabies G and can thereby infect presynaptic neurons. Due to the absence of G protein in these cells,
transsynaptic spread is restricted to these monosynaptically connected cells. Instead of the deleted G‐protein, an eGFP gene was
inserted into the rabies genome, marking both the starter and the presynaptic neurons. Taken from (Callaway and Luo, 2015), license
for re‐use # 4264250930440.

1.2.3. Gene expression systems
Gene expression systems serve as genetic switches to control expression of target genes coding for
example for molecular tools such as reporters and effectors (see below). Depending on the system used,
gene expression can be switched on or off reversibly or irreversibly. The most commonly used gene
expression systems are the Tet‐On and Tet‐Off system on the one hand, and an increasing battery of site‐
specific recombinase‐controlled systems on the other hand. Recently developed systems of both kinds
allow for gene expression in spatially and temporally increasingly well‐defined neuronal populations.

1.2.3.1. Tet‐On and Tet‐Off gene expression systems
The Tet‐On and Tet‐Off systems are based on the control elements of an operon, which grants an E. coli
strain resistance to the antibiotic tetracycline. Both systems enable a reversible regulation of gene
expression, mediated by presence of absence of tetracycline (or doxycycline). In the tet‐Off system, the
constitutively expressed tet‐controlled transactivator (tTA) binds to the tet‐response element (TRE),
driving transgene expression. When the antibiotic is applied, it binds to tTA, thus preventing activation of
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TRE and transcription of the transgene (Gossen and Bujard, 1992) (Fig. 1.7A). The Tet‐On system has
reversed pharmacology. In this system, a modified tTA, reverse tet‐controlled transactivator (rtTA),
requires binding of tetracycline or doxycycline to bind TRE and drive transgene expression (Gossen et al.,
1995).

1.2.3.2. Site‐specific recombinase‐based gene expression systems
Site‐specific recombinases have been widely used to control gene expression, particularly in mice.
The most frequently used ones are Cre recombinase from the bacteriophage P1 and FLP recombinase
from the Saccharomyces cerevisiae 2 micron circle plasmid. Dre from the phage D6 has been added as a
third tyrosine recombinase to the toolkit of site‐specific recombinases suitable for mouse genetics (Sauer
and McDermott, 2004, Anastassiadis et al., 2009). All three mediate recombination between two identical
recognition sites, loxP for Cre, FRT for FLP and rox for Dre. For use in mice, improved versions of Cre and
FLP have been developed: the codon‐improved iCre and the thermostable codon‐optimized variant FLPo
(Shimshek et al., 2002, Raymond and Soriano, 2007). For improved temporal regulation of expression, the
inducible CreERT2 system was developed. Cre fused to a mutated human estrogen receptor (ER) ligand‐
binding domain enables ligand‐activated recombination via timed administration of tamoxifen (Feil et al.,
1997). These systems can be used to ablate a gene or activate gene expression. Excision of part of the
coding sequence flanked by the recognition sites will lead to ablation. Gene expression can be driven by
excision of a STOP cassette preceding the gene or in the FLEX system by irreversible inversion of the coding
sequence flanked by two mutually exclusive loxP sites (Atasoy et al., 2008) (Fig. 1.7B). Placing the gene
coding for the recombinase and/or the effector under a tissue‐ or cell type specific promoter enables
manipulation of restricted cell populations.

1.2.3.3. Targeting strategies for increased spatial and/ or temporal resolution
Yet, target cell populations are often not defined by expression of a single marker gene but rather multiple
genes. The combined use of two (or more) recombinases can resolve this issue. Several such intersectional
approaches have been developed. One recombinase can control expression of another one (Hermann et
al., 2014). The effector gene can be preceded by two STOP cassettes each flanked by recognition sites for
one recombinase (Madisen et al., 2015) (Fig. 1.7C). The same authors provided a system combining the
tet‐Off system with Cre‐dependent excision of a STOP cassette. Alternatively, the coding sequence of the
effector gene can be split into double inverted exons separated by introns that include the recognition
sites (INTRSECT system), also requiring two different recombinases to mediate transgene expression
(Fenno et al., 2014) (Fig. 1.7D). Another recently developed method places the activity of Cre under the
control of GFP, thereby targeting expression of the effector protein specifically to GFP‐labeled cells (Tang
et al., 2015). Other approaches drive expression specifically in active neuronal populations. One strategy
places tTA under control of the activity‐regulated c‐Fos promoter generating a “synthetic memory trace”
(Reijmers et al., 2007, Garner et al., 2012). The CANE technology comprises a FosTVA mouse line combined
with EnvA‐pseudotyped viruses to deliver and drive effector genes specifically in activated neurons
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(Sakurai et al., 2016). A recently developed technique enables inducible gene expression specifically in
cells that receive coincident stimulation with a specific ligand and light (Lee et al., 2017).
In summary, a diverse array of gene expression systems enable increasingly precise targeting of specific
neuronal populations defined by the expression of specific markers or even activity in certain behavioral
contexts.

Fig. 1.7 Gene Expression Systems. A) Tet‐Off System, B) Flex System, C) double‐STOP system, D) INTRSECT system. Taken from
(Clontech Laboratories, 2012), Atasoy et al. (2008), Madisen et al. (2015), Fenno et al. (2014), licenses for reuse # 4264670917625,
# 4264671353918, # 4264680730939.

1.2.4. A growing toolkit of reporter and effector proteins
Using these gene expression systems, targeting of reporter and effector proteins to defined neuronal
populations enables comprehensive characterizations of specific cells and circuits. In recent years, the
available reporters and effectors have been expanded to a whole zoo including fluorescent reporters,
sensors and chemo‐ and optogenetic effector proteins.

1.2.4.1. Reporter proteins
Green fluorescent protein (GFP) was the first fluorescent protein isolated and expressed in heterologous
cells (Tsien, 1998). It has sparked the isolation, modification and design of a vast array of different
fluorescent proteins and a wide variety of tools for biological imaging for studying protein and cell function
(Rodriguez et al., 2017). Expression of fluorescent proteins in genetically defined neuronal populations
has enabled a variety of different techniques to study cell morphology and function. Targeted recordings
of specific fluorescently labeled neuronal populations elucidate the cells’ physiological properties (for
early studies in the spinal cord see Zeilhofer et al., 2005, Heinke et al., 2004). In combination with
immunohistochemistry or multiplex in situ hybridization, the molecular profiles of specific cell populations
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can be characterized. Reconstruction of sparsely labeled cells yields information about their morphology
including the dendritic tree and their projections. The transgenic multicolor labeling strategy ‘Brainbow’
was adapted for use in mouse CNS and thus allows tracing of individual neurons among a large groups of
fluorescently labeled neurons (Cai et al., 2013). The invention of tissue clearing techniques such as clarity
and 3DISCO (Chung et al., 2013, Erturk et al., 2012) and the continuous development of more refined
microscopes enables imaging and tracing of individual cells in whole brain samples. Detection of synapses
between genetically defined neuronal groups has become possible using for example the reconstitution
across synaptic partners (mGRASP) technique (Kim et al., 2011).
Fluorescent proteins can not only be used to label cells, subcellular structures and proteins, but have also
been modified to act as sensors of all sorts. Genetically encoded calcium indicators (GECI) such as GCaMP6
(Chen et al., 2013), genetically encoded voltage indicators (GEVI) such as VSFPB (Akemann et al., 2012),
and glutamate sensors such as iGluSnFR (Marvin et al., 2013) in combination with 2‐photon imaging allow
monitoring of neuronal activity in a wide array of individual cells and subcellular compartments in real‐
time in the alive and even awake mouse (Wilson et al., 2007). Additional sensors are continuously
developed paving the way for various applications. For the CaMPARI technique, Fosque et al. (2015) have
modified a GECI to permanently label cells that were active at a particular time point allowing for post‐
mortem analysis of in‐vivo‐imaged cells. Many of these recently developed techniques are only starting
to be used in the spinal cord. They will offer novel insights into the pain circuitry.

1.2.4.2. Toxins
Toxins are useful agents for manipulation of cell function. Early approaches used the plant‐derived
ribosome inactivating protein

to ablate specific cell populations. Injection of a saporin‐neuropeptide

conjugate leads to ablation of the corresponding neuropeptide‐receptor‐expressing cells (Mantyh et al.,
1997). Later this approach was adapted to target Cre‐expressing cell populations using AAV‐mediated
delivery and conditional saporin expression (Petitjean et al., 2015). Similarly, diphtheria toxin A fragment
(DTA) can be delivered using a Cre‐dependent AAV‐vector to ablate Cre‐expressing cells (Foster et al.,
2015). Alternatively, a diphtheria‐toxin‐receptor (DTR)‐expressing mouse can be injected with the toxin
to mediate more widespread ablation (Buch et al., 2005). Instead of a plant or bacterial toxin, genetically
engineered caspase 3 can be used to trigger cell‐autonomous apoptosis (Yang et al., 2013). Tetanus toxin
light chain (TeLC) can be used for cell silencing by preventing synaptic vesicle fusion thus avoiding cell
death (Sweeney et al., 1995).

1.2.4.3. Pharmacogenetics
Compared to cell ablation or cell silencing, pharmacogenetics (also termed chemogenetics) offers the
advantage of reversible modulation of cell activity. Designer receptors exclusively activated by designer
drugs (DREADDs) are genetically modified G‐protein‐coupled receptors (GPCRs) that are exclusively
activated by synthetic ligands. The most commonly used DREADDs, hM3Dq and hM4Di, differ from their
parent human muscarinic receptors only in two point mutations, rendering them insensitive to
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acetylcholine but instead sensitive to the synthetic ligand clozapine‐N‐oxide (CNO). CNO activates the Gq‐
coupled hM3D leading to depolarization and thus enhances neuronal excitability, which can lead to burst‐
like firing (Alexander et al., 2009). The Gi‐coupled hM4D in turn induces a signaling cascade activating G
protein‐coupled inwardly‐rectifying potassium channels leading to neuronal silencing (Armbruster et al.,
2007). In the spinal cord, hM3Dq and/or hM4Di have recently been used in several studies to investigate
the function of specific interneuron populations in sensory processing (Foster et al., 2015, Peirs et al.,
2015, Petitjean et al., 2015, Cui et al., 2016, Francois et al., 2017). Several other DREADDs, including a
DREADD variant for axonal silencing, hM4Dnrxn (Stachniak et al., 2014) and KORD, an inhibitory DREADD
variant activated by a different ligand (Vardy et al., 2015) have been developed that allow additional
applications for functional manipulations. In addition, new ligands for the classical DREADDs have been
generated (Chen et al., 2015, for recent reviews of pharmacogenetics see Urban and Roth, 2015, Roth,
2016).

Fig. 1.8 Pharmacogenetic modulation of neuronal activity. Taken from (Rogan and Roth, 2011), permission for re‐use granted.

1.2.4.4. Optogenetics
Optogenetics make use of opsins to activate or inhibit neurons by application of light allowing high
temporal and spatial precision. Channelrhodopsin‐2 (ChR2) is the most‐widely used opsin for neuronal
activation. It is a non‐selective cation channel that upon blue‐light stimulation opens and thereby can
cause neuron depolarization and excitation (Boyden et al., 2005). Most inhibitory opsins used to modulate
neuron function are based on ion pumps: Halorhodopsin (NpHR) is a chloride pump and Archaerhodopsins
(Arch and ArchT) are proton pumps (Han and Boyden, 2007, Zhang et al., 2007, Chow et al., 2010, Han et
al., 2011). Although optogenetics have been widely used in the brain to modulate brain function, the
technical adaptations in the spinal cord and periphery are only starting to emerge due to challenges of
light scattering and difficult access (Wang et al., 2016). Channelrhodopsins have been used both in vitro
and in vivo to stimulate primary afferents (Wang and Zylka, 2009, Daou et al., 2013). In recent years, a
number of wireless and fiber based devices were developed to stimulate neurons at the level of the spinal
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cord (Montgomery et al., 2015, Bonin et al., 2016, Park et al., 2015, Samineni et al., 2017, Christensen et
al., 2016). These will be very useful tools in investigating specific neuronal populations and their input
from the periphery and supraspinal sites.
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1.4. Aims of the thesis
Inhibitory interneurons in the spinal cord and descending control from higher brain centers play a crucial
role in pain processing. The large heterogeneity among spinal interneurons points to a possibly similar
divergence in function. A number of markers for subpopulations of spinal inhibitory interneuron have
been identified in the past years. So far, we are only beginning to attribute specific functions to these
populations. In addition, how these different neuronal populations are embedded in the circuitry of
ascending end descending pain pathways remains largely elusive. A wide variety of tools and techniques
have recently been and are continuing to be developed that enable manipulations of specific genetically
defined neuronal groups and thus elucidations of functions and circuits. Here, we compare different AAV
vectors for intraspinal delivery of transgenes and characterize Gbx1 neurons in pain processing.

Aim #1: Description of a protocol for intraspinal injections, a technique used to deliver viral vectors to
the dorsal horn for manipulations of specific neuronal populations. (Chapter 2)

Aim #2: Comparison of seven commonly used AAV serotypes in their transduction efficiency after
intraspinal injection. We analyze both local transduction in the dorsal horn and retrograde transduction
of neurons in the DRGs as well as in RVM and S1 in the brain. (Chapter 3)

Aim #3: Generation of a knockin Gbx1iCre mouse line to enable specific targeting of Gbx1‐expressing
inhibitory neurons. (Chapter 4)

Aim #4: Comprehensive characterization of spinal Gbx1 neurons in terms of their function in sensory
processing and stress‐induced analgesia as well as their descending input from supraspinal sites.
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> INTRASPINAL INJECTION PROTOCOL

2.1. Abstract
Intraspinal injection of recombinant adeno associated virus (rAAV) has rapidly become a powerful tool to
label and manipulate neuronal spinal subpopulations. Injecting rAAVs encoding Cre‐dependent effector
proteins such as bacterial toxins or pharmacogenetic receptors into Cre transgenic mice allows the rapid
functional assessment of hitherto uncharacterized neuronal circuits. There are some clear advantages of
intraspinal delivery of Cre‐dependent rAAV as compared to the use of multifunctional Rosa26 transgenic
mice. First, different Cre‐dependent rAAVs encoding various reporter or effector proteins can be injected
into a single Cre transgenic line, thus overcoming the need to create several multiple transgenic mouse
lines. Moreover, intraspinal injection also limits manipulation of Cre‐expressing cells to the injection site
and to the time after injection. Using this technique unwanted manipulation of other Cre‐expressing cells
elsewhere in the respective transgenic animal can be avoided, as well as the manipulation of cells that
display transient developmental Cre expression. However, when comparing rAAV‐mediated expression of
a marker or an effector protein to that achieved by the use of transgenic reporter mice, there are also
some disadvantages. Reporter gene expression from rAAVs is more variable and will depend on the
transduction rate, differences between batches of virus and subtle variations in the injection procedure.
In addition, surgery is required to transduce the spinal neurons of interest.
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> INTRASPINAL INJECTION PROTOCOL

2.2. Introduction
The dorsal spinal cord is essential for information exchange between the body periphery and the brain.
Sensory stimuli such as a heat, cold, touch or noxious stimuli are detected by specialized peripheral
neurons, which convey this information to neurons of the dorsal spinal horn. Here, a complex network of
inhibitory and excitatory interneurons modulates and eventually relays sensory information via spinal
projection neurons to supraspinal sites (Goulding et al., 2014, Todd, 2010). The computations carried out
by spinal inter‐ and projection neurons gate sensory information, thus determining which information is
suppressed or relayed at which intensity. Changes in the integration of sensory stimuli, such as an altered
balance between inhibition and excitation, can cause states of hypersensitivity or allodynia. Moreover,
these changes are thought to be the underlying cause of various chronic pain states (Sandkuhler, 2009,
Zeilhofer et al., 2012). Thus, spinal circuits are of high importance in sensory processing and consequently
in the perception of an organism’s environment and self. Yet, it is only recently that we have begun to
understand the underlying spinal circuits responsible for the processing of distinct sensory modalities.
This is due to the recent advent and combination of molecular, genetic and surgical techniques, now
allowing the precise manipulation of genetically identified spinal neuron subpopulations.
Intraspinal injection of rAAV into wild‐type or transgenic mice has greatly contributed to our ability to
manipulate, analyze and understand the function of specific subsets of spinal neurons (Azim et al., 2014,
Cui et al., 2016, Foster et al., 2015, Francois et al., 2017, Peirs et al., 2015, Petitjean et al., 2015, Zhang et
al., 2015). This technique allows the delivery of marker proteins, such as GFP/ GFP fusion proteins,
reporter proteins, such as GCAMP, or effector proteins, such as bacterial toxins, channelrhodopsin or
pharmacogenetic receptors in a spatially restricted manner to spinal neurons. Local injection of Cre‐
dependent rAAVs into transgenic mice expressing Cre recombinase in a specific subset of spinal neurons
allows the specific analysis of the respective neuronal population. We have employed this technique to
label, ablate, inhibit or activate spinal glycinergic neurons demonstrating that they are an essential part
of the spinal gate controlling pain and itch transmission (Foster et al., 2015). In these experiments,
intraspinal injection of Cre‐dependent rAAV into GlyT2::Cre mice enabled the selective manipulation of
glycinergic neurons in the lumbar spinal cord. Thereby we avoided simultaneous manipulation of
supraspinal circuits that contain glycinergic neurons critical for the survival of the animal.

While an intraspinal injection of rAAVs limits infection to the site of injection, viral transduction can occur
not only in local neurons but also in neurons that connect to the injection site via axonal projections. The
latter is often used to trace CNS areas providing neuronal input to a particular nucleus in the brain. It can
however also be a confounding factor when set neurons shall be studied at a particular site. To address
these issues, we have recently conducted a comprehensive analysis of AAV serotypes and expression
cassettes to identify serotypes and promoters that can be used to either minimize or maximize retrograde
transduction. In the context or our specific research in spinal circuits, we analyzed the ability of different
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serotypes and promoters to retrogradely transduce neurons in the dorsal root ganglia (DRG), the rostral
ventromedial medulla (RVM) and the somatosensory cortex (Haenraets et al., 2017). The technique
outlined in this protocol can therefore be used to either analyze spinal neurons at the injection site or to
analyze projection neurons that provide input to spinal neurons at the injection site.
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2.3. Protocol
*All materials along with respective manufacturers and/or vendors are listed below the protocol.

1.

Preparation of Virus Solution

Caution: Viruses are infectious reagents and should be handled according to the relevant guidelines.
1.1

On the day of injection, defrost a stock aliquot of the desired purified virus on ice and keep it on

ice until directly before the injection. Avoid repeated freeze‐thaw‐cycles, as these will reduce the effective
titer of the virus. If necessary, the virus aliquot can be kept at 4 °C for up to 3 days.
1.2

Dilute the virus particles in sterile 0.9% saline or phosphate buffered saline. The appropriate titer

depends on the experimental aims and should be determined experimentally. A good total viral load to
start with is 3x109 GC (3.33x1012 GC/ml, 3x 300 nL injected). About 2‐3 µl of virus solution will be needed
for each mouse.

2.

Preparation of Micropipettes for Intraspinal Injections

2.1.

‘Pull’ thin‐wall glass capillaries (outer diameter 1 mm) on a micropipette puller to create a long
shallow shank. This can be done in advance. The pulled capillaries can be stored in a closed
container on modeling clay.

2.2.

Clip the shank of the pulled capillary with laminectomy forceps to create a tip opening
of about 25‐30 μm (a smaller tip can lead to clogging; a larger tip might cause tissue damage and
difficulties to penetrate the spinal cord).

3.

Surgery

3.1.

Preparation of Surgical Setup and Tools
Ensure the equipment is clean and ready to be used. Disinfect the work area by wiping with 70%
ethanol and sterilize tools by autoclaving or disinfect them. Do not to leave any disinfectant on
the Hamilton that would harm the viral vector to be used.

3.2.

Anesthesia & Preparation of the Animal for Surgery

3.2.1.

Choosing 6‐ to 10‐weekold mice facilitates the surgical procedure. If the experimental design
requires, the injection of younger or older animals is also possible.

3.2.2.

Induce anesthesia in ~5% isoflurane. Place the animal in the stereotaxic frame on the heat mat
and maintain anesthesia at 1‐2.5% isoflurane. Monitor the respiration rate throughout the
surgery.

3.2.3.

Apply lubricant eye ointment to prevent corneal drying during the surgery.

3.2.4.

Shave the animal’s back and remove hair carefully with wet tissues. Disinfect the shaved skin
with iodine solution and allow to dry.

3.2.5.

Give analgesic treatment consisting of 0.2 mg/kg buprenorphine subcutaneously.
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3.3.

Exposure of the Vertebral Column at the Lumbar Spinal Cord Level
Due to the differential development of the spinal cord and the vertebral column, the respective
levels are not aligned, but the lumbar spinal cord segment L4 is at the same level as the thoracic
vertebra T13.

3.3.1.

Locate the most caudal rib pair by palpating along the vertebral column. Using a scalpel, make a
1.5‐2.5 cm longitudinal cut into the skin starting from just rostral to the most caudal rib pair.

3.3.2.

Lift the skin with forceps and detach it from the underlying muscle with scissors. Throughout the
surgery, keep the exposed tissues moist with sterile 0.9% saline.

3.3.3.

Using fine forceps and small scissors, make an incision into the next, thin membranous layer right
next to the midline and cut it off of the spinous processes. It is separate from the underlying
paraspinous muscle, but attached to the spinous processes.

3.4.

Identification of the Vertebrae at the Lumbar Spinal Cord Level
Once the vertebral column is exposed, the intertransverse ligaments and the dorsal spinous
processes should be visible. Several anatomical landmarks can aid in identifying the correct
vertebra to target (Fig.2.1 B):

3.4.1.

Pull the skin back towards the tail to expose the iliac crest. At the same level, the most caudal
pair of visible intertransverse ligaments joins the L6 spinous process. Count backwards in a caudal
to rostral direction to identify the vertebra of interest.

3.4.2.

Palpate along the vertebral column. The most caudal rib pair is located just rostral to the T13
vertebra and the pelvic bone at hip level is at the level of the L6 vertebra.

3.4.3.

Locate the spot, where the tendon along the side of the vertebral column is whitest and most
medial. The T13 vertebra is located just rostral.

3.5.

Fixation of the Vertebral Column and Exposure of the Lumbar Spinal Cord

3.5.1.

Place the animal onto a cushion of rolled up tissues to elevate it to the spinal clamps of the
stereotaxic frame.

3.5.2.

Fix the target vertebra to avoid movements of the vertebral column due to breathing. For this
aim, align the clamps adjacent to the target vertebra, fix one clamp in position and hold the
vertebral column with Adson forceps while fixing the second clamp. The column should be
perpendicular to the injection to the injection plane and firmly fixed so that it does not move
upon pressure from above. If necessary, a second pair of clamps can be fixed to the vertebral
column. In this case, it is useful to fix the two pairs of clamps to two vertebrae adjacent to the
target vertebra.

3.5.3.

Remove the paraspinous muscle above the vertebrae of interest: Using a scalpel, make a parallel
incision just medial to the tendons that are parallel to the spinal cord as well as perpendicular
incisions rostral and caudal to the target vertebra and tear/ cut away the muscle using rongeurs.
Be careful not to cut too deep.

3.5.4.
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In the intervertebral space, the dorsal blood vessel should be visible marking the midline of the
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spinal cord. For unilateral injections, perform a partial laminectomy by carefully drilling a hole
into the middle of the target side of the vertebra with a fine dentistry drilling apparatus.
3.5.5.

Using a 26G beveled needle, perforate the dura in the drilled hole, and the intervertebral space
rostral and caudal to the target vertebra, all approximately 200 µm lateral to the dorsal blood
vessel. Cerebrospinal fluid should be escaping from the holes and the spinal cord should be
slightly bulging out.

3.6.

Preparation of the Injection Syringe
The injection syringe should only be prepared immediately before the start of the injection to
reduce the risk of dust particles clogging the micropipette.

3.6.1.

Mount the glass capillary onto a Hamilton syringe using the RN compression fitting kit. Fasten
the nut tightly to ensure a tight and secure fit.

3.6.2.

Fill the Hamilton syringe with sterile distilled water and start pressing it out with the plunger. If
there is too much resistance and the water does not easily come out at the tip, the micropipette
is likely blocked and should be exchanged.

3.6.3.

Mount the syringe onto a micromanipulator connected to an electronically controlled
microinjector. Be careful not to touch anything with the micropipette.

3.6.4.

Draw up about 1 µl of air to create a bubble between water and virus.

3.6.5.

Place a 2‐3 µl droplet of virus solution onto a parafilm, carefully move the tip of the micropipette
into the droplet using the stereotaxic frame and draw it up. Then carefully press dispense, until
you see a bit of virus solution dispensed.

3.6.6.

Using pen, mark the micropipette with a scale and note the level of the virus solution. This will
facilitate to monitor whether the infusion is progressing as programmed.

3.7.

Intraspinal Injections

3.7.1.

Move the tip of the micropipette above one of the holes in the dura and lower until you see a
slight dent. To target the injection to the spinal dorsal horn, move down 500 µm in 100 µm
increments and then 200 µm up so that the tip is at a depth of 300 µm. Depending on the target
area, this can be adapted. If the tissue is resistant to penetration, retract and repeat, or possibly
use the needle again to properly penetrate the dura.

3.7.2.

Program the pump to a target injection volume of 300‐500 nL and an injection speed of 30‐50
nL/min and start the injection.

3.7.3.

After the injection is completed, check the scale to see whether the virus level has dropped and
leave the micropipette in place for an additional 3‐5 min to allow the pressure to equilibrate
before slow retraction of the syringe.

3.7.4.

Repeat step 3.6.1.‐3.6.3. for the other two injection sites.

3.8.

Suturing and Recovery

3.8.1.

Remove the spinal clamps and the cushion below the mouse.

3.8.2.

Close the wound in layers by suturing the superficial tissue layers with absorbable sutures and
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the skin with non‐absorbable sutures and apply iodine disinfectant.
3.8.3.

Terminate the anesthesia and leave the animal on the heat mat until it recovers before returning
it to its home cage.

3.9.

Postoperative care
Monitor the health of the animal on the day of surgery, the next day and then every 2‐3 days.
The animal should have normal gait, a healthy appearance (weight, eyes, fur, and behavior) and
the wound should be healing. Continue analgesic treatment (0.2 mg/kg buprenorphine
subcutaneously) as necessary, three times per day.

4.

Morphological analysis

4.1.

Tissue fixation

4.1.1.

Perfuse the mice transcardially, first with of 20 mL of ice‐cold artificial cerebrospinal fluid (ACSF)
solution, then with 100 mL of 4% ice‐cold paraformaldehyde (in 0.1 M Sodium phosphate buffer,
pH 7.4).

4.1.2.

Immediately dissect the lumbar spinal cord, and post‐fix the tissue for 2 h with 4%
paraformaldehyde on ice. Briefly wash the post‐fixed tissue with 0.1 M Sodium phosphate buffer
(pH 7.4) and then incubate it in 25% sucrose solution (in 0.1 M Sodium phosphate buffer, pH 7.4)
overnight at 4°C.

4.1.3.

Cut the cryoprotected tissue at 30 μm on a Cryostat and mount the sections on superfrost plus
glass slides.

4.2.

Immunofluorescence staining

4.2.1.

After brief washes in phosphate‐buffered saline (PBS), apply 300 μL of blocking solution (10%
Normal donkey serum in 0.3% Triton‐PBS) on the sections for 1 h at room temperature.

4.2.2.

Incubate the slides with 300 μL of the respective combinations of primary antibodies (in blocking
solution) over night at 4°C. Wash the sections 3 times for 5 min each in PBS.

4.2.3.

Incubate the slides with the respective combinations of secondary antibodies (in blocking
solution) for 1 hour at room temperature. Wash the sections 3 times for 5 min each in PBS.

4.2.4.

Briefly rinse the slides in ddH2O, before mounting the coverslips using fluorescent mounting
media.
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Tab. 2.1 Resource Table.
Materials

Resource

Equipment
micropipette puller: DMZ‐Universal‐Electrode‐Puller
anesthesia unit: Oxymat3 oxygen concentrator
anesthesia unit: VIP 3000 Veterinary Vaporizer
Heat mat: Mio Star Thermocare 100
Electric shaver
surgical microscope (OPMI pico)
Small animal stereotaxic apparatus
Neurostar StereoDrive (optional)
Model 51690 Cunningham mouse spinal adaptor
PHD Ultra syringe pump with nanomite
Hamilton 701 RN 10 μL glass syringe
Hamilton RN compression fitting 1 mm
fine dentistry drilling apparatus: Osada success 40
spherical cutter, 0.5mm

Zeitz
Weinmann
Midmark
Migros
Philips
Zeiss
Kopf
Neurostar
Harvard Apparatus
Harvard Apparatus
Hamilton
Hamilton
Osada
Busch

72‐4811
70‐3601
7635‐01
55750‐01
OS‐40
12001005B

Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools

10004‐13
14084‐08
11027‐12
16121‐14
11223‐20
12002‐12

World Precision Instruments

TW 100‐3

B. Braun
B. Braun

C1046220
C0932191

Surgical Tools
Scalpel Handle #4, 13cm
Extra Fine Bonn Scissors
Adson forceps, 1 x 2 teeth, 12 cm
Friedman‐Pearson rongeurs, curved, 0.7 mm cup
Dumont #2 laminectomy forceps
Olsen‐Hegar needle holders, serrated, 8.5 mm clamp length
Fine forceps #5
Consumables
Thin‐wall glass capillary, 1mm outside diameter
Syringes (1, 5 and 20 mL)
26G beveled needle
Sterile scalpel blades
Surgical sutures Safil Quick+ 4/0, absorbable
Surgical sutures Premilene 5/0, non‐absorbable
Sterile PBS or saline (0.9%)
Ethanol, 70% (disinfectant)
Iodine solution (e.g. Braunol)
Anaesthetics (e.g. Attane isoflurane)
Aldasorber
analgesics (e.g. buprenorphine)
Ophthalmic ointment (e.g. vita‐pos)
Antibiotic ointment (optional)
Cotton swabs
Facial tissues

Identifier

717614700000
BT9290

B. Braun
Provet

Pharma medica

Mice
C57BL/6J mice (wildtype)

The Jackson Laboratory

Rorbtm1.1(cre)Hze/J mice (RORβCre)

The Jackson Laboratory

Gt(ROSA)26Sortm14(CAG‐tdTomato)Hze/J mice (R26Tom)

The Jackson Laboratory

RRID:IMSR_JAX:00066
4
RRID:IMSR_JAX:02352
6
RRID:
IMSR_JAX:007914

Viral vectors
AAV1.CB7.CI.eGFP.WPRE.rBG (AAV1.CAG.eGFP)
AAV1.CAG.Flex.eGFP.WPRE.bGH (AAV1.CAG.flex.eGFP)
AAV1.CAG.Flex.tdTomato.WPRE.bGH
(AAV1.CAG.Fflex.tdTomato)
Antibodies (dilution)
Rabbit anti‐NeuN (1:3000)
Goat anti‐Pax2 (1 : 200)
Guinea pig anti‐Lmx1b (1 : 10 000)
Rabbit anti‐GFAP (1 : 1000)

Penn Vector Core (Philadelphia, PA,
USA)
Penn Vector Core (Philadelphia, PA,
USA)
Penn Vector Core (Philadelphia, PA,
USA)

Abcam (Cambridge, UK)
R & D Systems (Minneapolis, MN,
USA)
Dr. Carmen Birchmeier
DakoCytomation

AV‐1‐PV1963
AV‐1‐ALL854
AV‐1‐ALL864

RRID:AB_10711153
RRID:AB_10889828
Muller et al. (2002)
RRID:AB_10013382
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2.4. Representative results
In order to illustrate the expression levels that can be obtained by the intraspinal injection of rAAV
encoding a marker protein, we first injected AAV1.CAG.eGFP into the lumbar spinal cord of wild‐type
mice. Three injections spaced approximately 1 mm apart produced a nearly continuous infection of
lumbar spinal segments L3 to L5 (Fig.2.1 A‐C). Virus injection at a depth of 300 mm from the spinal surface
lead to predominant infection of cells in the dorsal spinal horn but infected cells could also be found in
the ventral horn (Fig.2.1 D). Next, we wanted to illustrate the difference in rAAV‐mediated expression
when injecting a Cre‐dependent rAAV into a Cre transgenic mouse. We therefore injected the Cre‐
dependent AAV1.CAG.flex.eGFP vector into the spinal cord of GlyT2::Cre mice. As before, eGFP Expression
was observed in the dorsal and ventral horn. But as expected, the expression of eGFP became more
restricted and reflected the distribution of GlyT2+ neurons, e.g. relatively sparse expression in the
superficial dorsal horn and dense expression in the deep dorsal horn (Fig.2.1 C).

Fig. 2.1 Intraspinal injection of AAV1‐GFP. (A) Schematic illustration of an intraspinal injection of an AAV1.CAG.eGFP (AAV1‐GFP)
into the lumbar spinal cord, which is innervated by the hindlimb. (B) Anatomical location of the lumbar spinal cord segments L3 –
L4 can be seen in a top down view of the back of a mouse. The skin has been opened to expose the vertebral column. Spinal processes
of vertebrae T13‐L6 have been colored as anatomical references and the iliac crest is indicated by an arrow. (C) Representative
image of a whole mount lumbar spinal cord. Green fluorescence indicates virus transduced areas of the spinal cord. (D)
Representative image of a cross section through an AAV1‐GFP transduced lumbar spinal cord from a wildtype mouse. (E)
Representative image of a cross section of an AAV1.CAG.flex.eGFP transduced spinal cord of a GlyT2::Cre mouse. Scale bars; C=1mm,
D=100m.
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In a second set of experiments, we wanted to demonstrate the potential differences in using Cre reporter
mice compared to Cre reporter viruses. We therefore choose a Cre driver gene that has previously been
described to display a restricted expression pattern in the mouse spinal cord. The gene ROR has been
suggested to be expressed predominantly in inhibitory interneurons of the deep dorsal horn (Abraira et
al., 2017, Wildner et al., 2013). We used RORCre knock in mice and crossed them to Rosa26lox‐STOP‐lox‐tdTomato
(R26Tom) Cre reporter mice, which lead to the expression of tdTomato in all cells displaying Cre expression
at any time point before analysis (Fig.2 A). Characterization of tdTomato+ cells in RORCre; R26Tom mice
revealed expression in neurons and astrocytes of the dorsal horn (Fig2 B, C). In fact, quantification of the
tdTomato+ cells suggested that the majority of cells undergoing Cre‐mediated recombination (58%) were
non‐neuronal. We then injected a Cre‐dependent tdTomato reporter rAAV (AAV1.CAG.flex.tdTomato)
into the spinal cord of P40 RORCre mice. In contrast to R26Tom‐mediated reporter expression, we found
all tdTomato+ cells labeled by the reporter virus to be neurons. Finally, we analyzed the identity of the
tdTomato+ neurons in both sets of mice (RORCre; R26Tom and RORCre injected with
AAV1.CAG.flex.tdTomato). In both cases, we found the majority of neurons to be inhibitory (> 85%) and
the minority of neurons to be excitatory (< 20%), which is in agreement with previous assessments of the
identity of ROR+ neurons (Abraira et al., 2017, Wildner et al., 2013).
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Fig. 2.2 Genetic and virus‐mediated labeling of ROR‐expressing cells. Diagram showing the strategy for Cre‐dependent expression
of fluorescent tdTomato reporter in RORCre; Rosa26lox‐STOP‐lox‐tdTomato (R26Tom) mice. (B) Immunostaining on spinal cord sections of
RORCre; R26Tom mice reveals ROR‐Tom neurons (NeuN+) to be located in the superficial laminae of the spinal dorsal horn. (C) Cre‐
dependent expression of tdTomato was observed in GFAP+ cells of RORCre; R26Tom mice, suggesting that ROR is expressed in
astrocytes during development. Arrowheads indicate double‐labeled neurons. (D) Diagram showing intraspinal injection of AAV‐
Tom (rAAV1.CAG.flex.tdTomato) virus into RORCre mice to drive local Cre‐dependent expression of tdTomato. (E) Immunostaining
on spinal cord sections of RORCre mice injected with AAV‐Tom virus. ROR‐Tom neurons were localized to the superficial laminae
of the spinal dorsal horn and expression of tdTomato was absent from astrocytes. (F) Percentage of ROR‐Tom cells expressing the
neuronal marker NeuN in spinal sections of RORCre; R26Tom mice and RORCre mice injected with rAAV flex‐Tom virus. Data are
represented as mean ± SEM. (G‐H) Immunostaining on spinal cord sections of (G) RORCre; R26Tom mice and (H) RORCre mice injected
with AAV‐Tom virus showing colocalization between ROR‐Tom neurons and the inhibitory marker Pax2 or the excitatory marker
Lmx1b. (I) Percentage of ROR‐Tom neurons expressing Lmx1b and Pax2 in RORCre; R26Tom mice and RORCre mice injected with
AAV‐Tom virus. Scale bars; 100 µm.
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2.5. Discussion
2.5.1. Critical steps
Intraspinal injection of AAVs can become a powerful technique in a research laboratory enabling the
analysis of spinal cells with a high temporal and spatial solution. Yet, the surgery that is required to inject
the spinal cord has to be undertaken with great care in order to avoid morphological and behavioral
artifacts introduced by the surgery. Below we describe the most critical steps. Particular attention is
required in handling the spinal cord, especially during the laminectomy and during the perforation of the
dura with the needle. Damage to the spinal cord could impair the somatosensory sensations and the
motor coordination of the mouse, thus compromising any planned behavioral experiments. In addition, it
is important to carefully assemble the syringe. Improper assembly or clogging of the micropipette can
hamper the entire experiment.

2.5.2. Significance of the method with respect to existing/alternative methods
To date, mainly two techniques have been used to identify neuronal circuits required for transmission of
sensory signals. We and others have used intraspinal injections of rAAV coding for reporter and effector
proteins into recombinase‐expressing mice in order to label and manipulate spinal neuronal
subpopulations. Others have also used transgenic animals expressing recombinases in specific subsets of
spinal neurons but have subsequently crossed these mice to reporter mice in order to achieve expression
of the desired marker or effector protein in the respective neuronal subset (Bourane et al., 2015a,
Bourane et al., 2015b, Duan et al., 2014). To illustrate some of the differences that can occur when
comparing results obtained by using reporter mice or intraspinal virus injections we either crossed
RORCre transgenic animals to a Cre‐dependent reporter mouse or injected RORCre mice with a Cre‐
dependent reporter rAAV. We compared reporter gene expression obtained from the rAAV to reporter
gene expression obtained in RORCre; R26Tom mice. Reporter gene expression obtained from intraspinal
injection of a Cre‐dependent rAAV was restricted to neurons of the spinal cord while R26Tom reporter
mouse‐evoked tdTomato expression is also found in astrocytes. This suggests that ROR is transiently
expressed in astrocytes. By using intraspinal injections of a rAAV reporter into the spinal cord of adult
mice, reporter and/or effector gene expression can efficiently be restricted to the population of cells that
express the gene in the adult and thus avoid recombination/expression in those populations with earlier
transient gene activity.
A second main advantage of intraspinal rAAV injections is the ability to restrict the expression of the rAAV‐
encoded gene to the injection site. In transgenic mice, Cre driver‐mediated expression is often not only
found in the neuronal subpopulation of interest, but also in other populations within the nervous system.
Dymecki and colleagues as well as the groups of Ma and Goulding have developed elegant ways of using
intersectional reporter mouse‐based approaches that avoid recombination in parts of the nervous system
that shall remain unaltered (Bourane et al., 2015a, Bourane et al., 2015b, Duan et al., 2014, Awatramani
et al., 2003, Kim et al., 2009, Kim and Dymecki, 2009). Using knock‐in mice to obtain expression of marker
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or effector proteins can also be assumed to be less variable, as there is only one genomic copy of the
respective expression cassette per cell and the expression cassette is present in all cells in the region of
interest. In contrast, the presence of a respective expression cassette and also the copy number of the
expression cassette after viral transduction is dependent on the transduction efficiency, which may vary
from cell to cell, from injection to injection and is dependent on the viral lot. Finally, virus‐mediated
expression in spinal neurons requires surgery, which in itself can affect neurons and circuits. Inclusion of
control mice that have undergone the same surgery is therefore mandatory.

2.5.3. Future applications
Intraspinal injection can be used to analyze and manipulate any genetically identified spinal
subpopulations through overexpression of marker and effector proteins. It is therefore likely that in the
future many will adopt this technique to study neuronal populations in their specific focus. Moreover,
besides using intraspinal injection of AAVs to achieve overexpression of exogenous effector proteins this
technique can also be used to silence or overexpress endogenous proteins and therefore study the
function of any given gene with high spatial and temporal resolution.
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3.1. Abstract
Recombinant adeno‐associated virus (rAAV) vector‐mediated gene transfer into genetically defined
neuron subtypes has become a powerful tool to study the neuroanatomy of neuronal circuits in the brain
and to unravel their functions. More recently, this methodology has also become popular for the analysis
of spinal cord circuits. To date, a variety of naturally occurring AAV serotypes and genetically modified
capsid variants are available but transduction efficiency in spinal neurons, target selectivity, and the ability
for retrograde tracing are only incompletely characterized. Here, we have compared the transduction
efficiency of seven commonly used AAV serotypes after intraspinal injection. We specifically analyzed
local transduction of different types of dorsal horn neurons, and retrograde transduction of dorsal root
ganglia (DRG) neurons and of neurons in the rostral ventromedial medulla (RVM) and the somatosensory
cortex (S1). Our results show that most of the tested rAAV vectors have similar transduction efficiency in
spinal neurons. All serotypes analyzed were also able to transduce DRG neurons and descending RVM and
S1 neurons via their spinal axon terminals. When comparing the commonly used rAAV serotypes to the
recently developed serotype 2 capsid variant rAAV2retro, a > 20‐fold increase in transduction efficiency
of descending supraspinal neurons was observed. Conversely, transgene expression in retrogradely
transduced neurons was strongly reduced when the human synapsin 1 (hSyn1) promoter was used instead
of the strong ubiquitous hybrid cytomegalovirus enhancer/chicken b‐actin promoter (CAG) or
cytomegalovirus (CMV) promoter fragments. We conclude that the use of AAV2retro greatly increases
transduction of neurons connected to the spinal cord via their axon terminals, while the hSyn1 promoter
can be used to minimize transgene expression in retrogradely connected neurons of the DRG or
brainstem.
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3.2. Introduction
Recombinant adeno‐associated virus (rAAV) vector‐mediated gene transfer for expression of effector
proteins such as pharmacogenetic receptors, bacterial toxins, or channelrhodopsin is a powerful tool for
specific manipulation of neurons (Schon et al., 2015, Fu and McCarty, 2016, Montgomery et al., 2016).
Local injection of rAAV vectors provides a fast approach to the analysis of neuronal morphology and
function at well‐defined sites. When combined with the FLEX system (a Cre LoxP‐based system for
irreversible inversion and activation of coding sequences contained in rAAV vectors) it also enables the
manipulation of specific genetically defined subsets of neurons (Atasoy et al., 2008). In addition, by
injecting rAAV.FLEX vectors only at adult stages into Cre transgenic mice, undesired more widespread
recombination, for example, resulting from embryonic activity of a Cre driver, can be avoided. Using
intraspinal injection of Cre‐dependent rAAV vectors into Cre transgenic mice it has thus become possible
to specifically identify and interfere with dedicated spinal sensory circuits. Several groups have addressed
the function of genetically defined dorsal horn neuron populations by ablating, silencing, or activating
specific spinal neuron‐subpopulations via rAAV vector‐mediated gene transfer (Foster et al., 2015, Peirs
et al., 2015, Petitjean et al., 2015, Cui et al., 2016, Francois et al., 2017).
Spinal injection of rAAVs can be used to interfere with neurons located at the injection site or, via
retrograde transduction, with neurons that project to the injection site. Therefore, depending on the type
of study, retrograde transduction should either be maximized or avoided. In case of studies that
specifically address the function of local dorsal horn neurons, retrograde transduction of dorsal root
ganglia (DRG) neurons is a particular concern. We therefore tested whether undesired expression of viral
transgenes in presynaptically connected neurons can be reduced through the use of specific serotypes or
promoters. We found that all tested rAAV serotypes not only showed similar transduction efficiencies of
spinal neurons and spinal neuron subtypes but were also capable of transducing axon terminals of DRG
neurons and descending projection neurons located in the rostral ventromedial medulla (RVM) or
somatosensory cortex (S1) with similar efficacies. Conversely, drastically reduced numbers of retrogradely
labeled DRG neurons and descending projection neurons were found for rAAVs in which transgene
expression was driven by the human synapsin 1 promoter (hSyn1) instead of the hybrid cytomegalovirus
enhancer/chicken b‐actin promoter (CAG) or cytomegalovirus (CMV) promoters. On the other hand, by
far the most efficient AAV in transducing supraspinal descending projection neurons was the recently
developed AAV serotype 2 capsid variant rAAV2retro (Tervo et al., 2016).
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3.3. Materials and Methods
3.3.1. Mice
All injections were carried out in C57B/6 mice. Mice were originally purchased from The Jackson
Laboratory and colonies were maintained by the Laboratory Animal Services Center (LASC) of the
University of Zurich. Mice of both sexes were used in this study. Animals were kept in a 12 h light/dark
cycle and received food ad libitum. No animals had to be excluded from the analysis. All animal
experiments were approved by the Swiss cantonal veterinary office (Zurich).

3.3.2. Immunohistochemistry and image analysis
Immunohistochemistry was essentially performed as previously described (Punnakkal et al., 2014). In
brief, mice were transcardially perfused with 80 mL of 4% ice‐cold paraformaldehyde (in 0.1 M Sodium
phosphate buffer, pH 7.4). Lumbar spinal cord, brain tissue, and the part of the vertebral columns
containing the lumbar DRGs 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 25% sucrose (in 0.1 M Sodium phosphate buffer, pH 7.4) overnight at 4°C. Cryoprotected
tissue was cut at 16 µm (DRGs) or 35 µm (spinal cord or brain) 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 5% 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 30–45 min at 23–
25°C 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 ImmunoResearch, West Grove, PA, USA
(RRID:SCR_010488).
Z‐stacks of fluorescent images were acquired on a Zeiss LSM710 Pascal confocal microscope; Zeiss,
Oberkochen, Germany. Numbers of immunoreactive cells in z‐stacks were determined using the ImageJ
(RRID:SCR_003070) Cell Counter plugin (Kurt De Vos, University of Sheffield, Academic Neurology).

3.3.3. Quantification
For quantitative analyses, sections were prepared from at least three animals and at least three (maximal
5) sections per animal were analyzed. No sample size calculation was performed. No blinding was
performed. Percentages in Figs 3.1, 3.4, 3.5, and 3.6 represent percentages of the neuron population
labeled with the indicated marker (e.g., NeuN, labeling all neurons or tyrosine hydroxylase (TH); labeling
the c‐low threshold mechanoreceptor (C‐LTMR) subset of DRG neurons). In Fig. 3.3, the total number of
neurons found after quantifying every third section of the injected mice is depicted. The eGFP
fluorescence intensity in Fig. 3.7 was determined by first taking images of spinal cord slices under non‐
saturating conditions and then applying the same settings to image acquisition of DRG neurons. Next,
using the ImageJ software, cell bodies were determined as regions of interest and mean gray values of
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regions of interests were determined. Mean gray values from 3 to 4 sections of three animals per
condition/viral construct were determined.

3.3.4. Applied statistics
A one‐way ANOVA with Bonferroni post hoc correction was performed in order to assess differences in
the transduction efficiency of DRG neurons among the different serotypes used in this study (Fig. 3.4d).
Student’s t‐tests were performed to assess differences in retrograde transduction when comparing AAV9
and AAV2retro (Fig. 3.3f), to assess differences in the transduction efficiency of DRG neurons comparing
AAV9.CAG.eGFP and AAV9.hSyn1.eGFP (Fig. 3.5g) and to assess differences in enhanced green fluorescent
protein (eGFP) expression levels evoked by AAV9.CAG.eGFP or AAV9.hSyn1.eGFP (Fig. 3.7d).

3.3.5. Virus production and injections
Viruses were obtained from the resources indicated in the Table 1. AAV2retro‐CAG‐tdTomato‐WRPE‐pA
was generated from the plasmid pAAV‐FLEX‐tdTomato (Edward Boyden/Addgene plasmid # 28306) by the
VVF Zurich. Virus injections were made in adult mice (6–12 weeks) anesthetized with 2–5% isoflurane and
immobilized on a motorized stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA and Neurostar,
Tübingen, Germany). Vertebral column was fixed using a pair of spinal adaptors and lumbar spinal cord at
L4 and L5 was exposed. Injections (3 x 300 nL) spaced approximately 1 mm apart were made at a rate of
30 nL/min with glass micropipettes (tip diameter 30–40 µm) attached to a 10 µL Hamilton syringe. On
average spinal injections lead to viral transduction of neurons located in spinal Laminae I–IV in the vast
majority of animals. For the injections of L4 DRGs lumbar/sacral vertebrae L6 and S1 were partially
removed and injections of 500 nL were performed as above.
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Tab. 3.1 Resource Table.
Reagent

Resource

Antibodies (dilution)
647‐IB4 (1:500)
rabbit anti‐CGRP (1:1000)
rabbit anti‐GFAP (1:2000)
chicken anti‐GFP (1:1000)
rabbit anti‐GFP (1:1000)
rabbit anti‐Iba1 (1:1000)
guinea pig anti‐Lmx1b (1:10 000)
mouse anti‐NeuN (1:1000)
rabbit anti‐NeuN (1:1000)
rabbit anti‐NF200 (1:1000)
goat anti‐Pax2 (1:400)
rabbit anti‐Pax2 (1:400)
rabbit anti‐Pkcγ(1:1000)
sheep anti‐TH (1:1000)
647‐IB4 (1:500)

Identifier

Molecular Probes
Immunostar
DakoCytomation
Thermo Fisher Scientific
Molecular Probes
Wako
Dr. Carmen Birchmeier
Millipore
Abcam
Sigma
R&D Systems
Invitrogen
Santa Cruz
Millipore
Molecular Probes

I32450
RRID:AB_572217
RRID:AB_10013382
RRID:AB_2534023
RRID:AB_221570
RRID:AB_839504
(Muller et al. 2002)
RRID:AB_2298772
RRID:AB_10711153
RRID:AB_477272
RRID:AB_10889828
RRID:AB_2533990
RRID:AB_632234
RRID:AB_90755
I32450

Viruses
CAG(CB7)‐eGFP
AAV1.CB7.CI.eGFP.WPRE.rBG
AAV5.CB7.CI.eGFP.WPRE.rBG
AAV8.CB7.CI.eGFP.WPRE.rBG
AAV9.CB7.CI.eGFP.WPRE.rBG
AAVrh10.CB7.CI.eGFP.WPRE.rBG
CMV‐eGFP
AAV6.CMV.PI.eGFP.WPRE.bGH

Penn Vector Core (Philadelphia, US)
Penn Vector Core (Philadelphia, US)
Penn Vector Core (Philadelphia, US)
Penn Vector Core (Philadelphia, US)
Penn Vector Core (Philadelphia, US)

AV‐1‐PV1963
AV‐5‐PV1963
AV‐8‐PV1963
AV‐9‐PV1963
AV‐10‐PV1963

Penn Vector Core (Philadelphia, US)

AV‐6‐PV0101

AAV7.CMV.PI.eGFP.WPRE.bGH

Penn Vector Core (Philadelphia, US)

AV‐7‐PV0101

Viral Vector Facility (Zurich)
Viral Vector Facility (Zurich)
Viral Vector Facility (Zurich)

v24
custom production
v24

Viral Vector Facility (Zurich)

v81

Mice
C57BL/6J

Institute of Pharmacology (Zurich)

RRID:IMSR_JAX:000664

Plasmids
pAAV‐FLEX‐tdTomato

Addgene (RRID:SCR_002037)

28306

CAG‐eGFP
AAV8‐CAG‐EGFP‐WPRE‐SV40p(A)
AAV2retro‐CAG‐tdTomato‐WRPE‐pA
AAV9‐CAG‐EGFP‐WPRE‐SV40p(A)
hSyn‐eGFP
AAV9‐hSyn1‐EGFP‐WPRE‐SV40p(A)
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3.4. Results
Recombinant AAV vectors are available in a number of different naturally occurring serotypes and many
of them have been used to transduce neuronal cells. In studies addressing spinal circuits, at least two
different serotypes have been used successfully for intraspinal delivery of transgenes [i.e., 1 and 8 (Azim
et al., 2014, Foster et al., 2015, Peirs et al., 2015, Petitjean et al., 2015)]. To better understand the
differences and similarities between commonly used AAV serotypes, we set out a study comparing local
(at the site of delivery) and retrograde (axonal) transduction efficiencies of seven different serotypes (1,
5, 6, 7, 8, 9, rh10) available from the Penn Vector Core virus service facility. Retrograde transduction
efficiencies were assessed by quantification of the number of transduced neurons at synaptically
connected sites such as the DRGs and the somatosensory cortex, which provide input to but do not receive
input from the dorsal spinal horn. All rAAV vectors used in this initial comparison contained an enhanced
green fluorescent protein (eGFP) coding sequence followed by a Woodchuck hepatitis B virus post‐
transcriptional regulatory element (WPRE) and a rabbit beta‐globin (rBG) polyadenylation signal
sequence. The expression of eGFP was transcriptionally controlled by strong ubiquitous promoters, either
the hybrid cytomegalovirus enhancer/ chicken b‐actin promoter (CAG aka CB7, CBA), along with a chicken
b‐actin intron (CI) or the cytomegalovirus promoter (CMV), along with a synthetic Promega intron (PI).
We performed three injections per animal into the lumbar spinal segments L3–L5. The number of injected
per injection = 3.3 x 109 vg per animal).
A main focus of this study was to determine the ability of different serotypes to retrogradely transduce
neurons that provide synaptic input to the spinal cord either from the periphery (such as DRG neurons)
or from supraspinal sites such as the brainstem or cerebral cortex. We and others have found that
serotype 1 retrogradely transduces DRG neurons after intraspinal injection (unpublished results and (Cui
et al., 2016). We therefore used AAV1.CAG.eGFP to determine an incubation time that leads to maximal
transduction in DRG neurons. To this end, we compared the number of transduced neurons after 10 days
and 4 weeks. Four weeks after intraspinal injection of AAV1.CAG.eGFP a significant increase in the number
of transduced DRG neurons could be observed as compared to 10 days post injection (22.3 ± 3% of eGFP+
DRG neurons after 10 days vs. 37.9 ± 4.2% of eGFP+ DRG neurons after 4 weeks p < 0.05). We therefore
decided to do all subsequent analyses at 4 weeks after injection. Next, we determined the percentage of
transduced spinal neurons and whether non‐neuronal cells can become transduced as well after
intraspinal injection of each serotype. At the site of injection, titer‐matched serotypes 1, 5, 6, 7, 8, 9, and
rh10 showed very similar transduction efficiencies (80–95% Fig. 3.1a and d). Only AAV5 displayed slightly
reduced transduction efficiency (70%). None of the tested serotypes displayed significantly different
tropism for either inhibitory (Pax2+) or excitatory (Lmx1b+) spinal dorsal horn neurons (Fig. 3.1b, c, e and
f). We also found that all serotypes were able to transduce GFAP+ astrocytes, albeit at lower levels (Fig.
3.2 not quantified).
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Fig. 3.1 Transduction efficiencies of spinal neurons by different adeno‐associated virus (AAV) serotypes. Recombinant AAVs
(rAAVs) vectors composed of enhanced green fluorescent protein (eGFP) expression cassettes contained within the capsids of the
indicated serotypes were injected into the spinal cord of mice. Sections of the respective spinal cords were reacted with antibodies
against NeuN and GFP (aa–ag) to determine the fraction of neurons that became transduced, NeuN, GFP and Lmx1b (ba–bg) to
determine the fraction of excitatory dorsal horn neurons that became transduced and NeuN, GFP and Pax2 (ca–cg) to determine the
fraction of inhibitory spinal neurons that became transduced by the respective AAV serotype. The immunohistochemical analysis of
spinal cord sections indicates that close to the injection site, the vast majority of spinal neurons express some degree of eGFP. (d–f)
Quantification of the fraction of either all spinal neurons (d), or excitatory dorsal horn neurons (e) or inhibitory dorsal horn neurons
(f) located close to injection site, which expressed eGFP 4 weeks after intraspinal injection of the indicated AAV serotype. Scale bar:
50 µm, error: ± SEM.
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Fig. 3.2 All tested recombinant adeno‐associated virus (rAAV) serotypes are capable of transducing astrocytes.
Immunohistochemical analysis of spinal cord sections of mice, which have been injected with the indicated AAV serotypes. (a–g) An
antibody against GFP (green) reveals transduction by the respective enhanced green fluorescent protein (eGFP)‐encoding rAAV
vector. Co‐expression of immunohistochemically detected eGFP and GFAP (red) is indicated by arrowheads and suggests
transduction of astrocytes. Scale bar: 50 µm.

Next, we addressed the question whether spinal injection of rAAV vectors would also lead to the
transduction of neurons descending axon terminals from supraspinal CNS areas. We analyzed eGFP
expression at supraspinal sites known to provide descending input to neurons of the lumbar spinal cord,
such as the RVM and the primary somatosensory cortex (S1). All tested serotypes led to eGFP expression
in the RVM and in S1 (Fig. 3.3a–c). Quantification of the number of eGFP+ neurons in S1 indicated that
serotypes 6 (63 ± 17 neurons/animal) and 9 (33 ± 12 neurons/animal) displayed the highest capability to
retrogradely transduce terminals of descending supraspinal neurons (Fig. 3.3c). In order to better
understand which proportion of descending projection neurons became transduced by the respective
serotypes, we compared the transduction efficiency of serotype 9 to the recently published serotype 2
capsid variant rAAV2retro. rAAV2retro has been modified in order to maximize retrograde transduction
capabilities (Tervo et al., 2016). Comparing serotype 9 to rAAV2retro, we found a > 20‐fold increase (19 ±
8 vs. 502 ± 42 neurons/animal, respectively) in the number of labeled neurons in S1 when using
rAAV2retro (Fig. 3.3d–f). This indicates that less than 5% of descending supraspinal neurons displayed
eGFP expression when using any of the other AAV serotypes.
Another site of the nervous system that provides synaptic input to spinal neurons is the peripheral
nervous system, that is, neurons of the DRG. These neurons are primary detectors of somatosensory and
proprioceptive stimuli and convey this information to the dorsal spinal cord. We therefore compared the
transduction efficiency of DRG neurons after intraspinal injection of the different AAV serotypes. All tested
rAAV vectors were capable of transducing DRG neurons via their central axon terminals. However, the
degree of transduction was significantly different between serotypes (one‐way ANOVA, F(6, 16) = 6.039,
p = 0.0019), (Fig. 3.4a and d). Serotypes 1 and 9 were most efficient, displaying average transduction rates
of > 40%. Clearly reduced transduction rates could be observed after the injection of serotypes 7, 8, and
rh10 (15 ± 3%, 12 ± 4%, and 16 ± 6%, respectively). When looking at the identity of the infected DRG
neurons, we found that all major subtypes of DRG neurons became transduced [neuro‐filament 200
(NF200)+ myelinated neurons, calcitonin gene‐related peptide (CGRP)+ peptidergic neurons, IB4+ non‐
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Fig. 3.3 Retrograde (axonal) transduction of descending supraspinal neurons by different recombinant adeno‐associated virus
(rAAV) serotypes. Analysis of enhanced green fluorescent protein (eGFP) expression in supraspinal CNS areas after intraspinal
injection of serotypes 1, 5, 6, 7, 8, 9, rh10 reveals labeled cells in the somatosensory cortex (S1) (exemplified in a and aa) as well as
in the rostral ventromedial medulla (RVM) (exemplified in b, ba). Reference atlas images were taken from the Allen Mouse Brain
Atlas/Coronal Atlas (http://mouse.brain‐map.org/experiment/thumbnails/100048576?image_type = atlas). (c) Quantification of the
number of retrogradely transduced neurons in S1 after intraspinal injection of the indicated serotypes suggests an increased
retrograde transduction efficiency of AAV6 and AAV9. (d‐f) Comparison of the retrograde transduction efficiency of serotype 9 and
the recently described serotype 2 capsid variant AAV2retro indicates a > 20‐fold increase in the number of transduced corticospinal
S1 neurons following intraspinal injection. Scale bars: 500 µm, error: ± SEM, ***p < 0.001.
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peptidergic neurons, and TH+ c‐low threshold mechanoreceptors]. However, we observed that
transduction of NF200+ and CGRP+ DRG neurons was much more efficient than that of other types (Fig.
3.4b, c, e and f).

Fig. 3.4 Retrograde (axonal) transduction of dorsal root ganglia (DRG) neurons and DRG neuron subtypes by recombinant adeno‐
associated virus (rAAV) vectors. Analysis of eGFP expression in lumbar DRGs after intraspinal injection of serotypes 1, 5, 6, 7, 8, 9,
rh10 reveals between 12 and 45% of labeled neurons. (aa–ag and d) Immunohistochemical analysis and quantification of the fraction
of DRG neurons expressing eGFP after intraspinal injection of rAAV vectors using antibodies directed against GFP (green) and NeuN
(red). (ba–bg and e) Immunohistochemical analysis and quantification of the fraction of myelinated (neuro‐filament 200, NF200+/red)
and unmyelinated non‐peptidergic (IB4+/blue) DRG neurons that display eGFP expression 4 weeks after intraspinal injection of the
indicated AAV serotype. (ca–cg and f) Immunohistochemical analysis and quantification of the fraction of peptidergic (calcitonin gene‐
related peptide (CGRP)+/red) and unmyelinated c‐low threshold mechanoreceptors (tyrosine hydroxylase, TH+/blue) that co‐
express eGFP after intraspinal injection of the indicated AAV serotype. Scale bar: 50 µm, error: ± SEM.

We were wondering whether the observed bias might be because of differences in the surface area of the
axon of a particular DRG neuron subtype present in the spinal cord. There is indeed evidence that vGlut1+
terminals are larger than terminals of C fibers (Todd et al., 2003).We therefore reasoned that, if we
increased the viral particle number per injected area, we might overcome this bias. We tested this idea
by injecting high titer of AAV9.CAG.eGFP (1.5 x 1013 vg/mL = 1.35 x 1010 vg per animal) into the spinal cord
and analyzed the identity of the transduced DRG neurons. We found that under this condition, NF200+,
CGRP+, IB4+, and TH+ DRG neurons became transduced with similar efficiencies (Fig. 3.5a–c and h). These
results indicate that the initially observed low number of eGFP‐expressing IB4+ and TH+ neurons after
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Fig. 3.5 Promoter effects on retrograde expression levels in dorsal root ganglia (DRG) neurons. Spinal cords of mice were injected
with high titer serotype 9 coding for enhanced green fluorescent protein (eGFP) driven by either the CAG promoter (a–
c/AAV9.CAG.eGFP) or the human synapsin1 promoter (d–f/AAV9.hSyn1.eGFP). (a and d) Immunohistochemical analysis of DRG
sections with antibodies against GFP (green) and NeuN (blue). (b and e) Immunohistochemical analysis of DRG sections with
antibodies against GFP (green), and tyrosine hydroxylase (TH) (blue). (c and f) Immunohistochemical analysis of DRG sections with
antibodies against GFP and IB4. (g) Quantification of the percentage of neurons in the lumbar spinal cord (spc) and lumbar DRGs
(DRG) that display eGFP expression after intraspinal injection of either AAV9.CAG.eGFP (CAG‐GFP) or AAV9.hSy1n.eGFP (Human
synapsin 1 promoter (hSyn1)‐GFP). Note that while similar percentages of neurons express eGFP in the lumbar spinal cord, strongly
reduced numbers of DRG neurons show eGFP expression after intraspinal injection of AAV9.hSyn1.eGFP as compared to injection
of AAV9.CAG.eGFP. (h) Quantification of the fraction of TH+, calcitonin gene‐related peptide (CGRP)+, neuro‐filament 200 (NF200)+
or IB4+ DRG neurons that express eGFP after intraspinal injection of either AAV9.CAG.eGFP (CAG) or AAV9.hSyn.eGFP (Syn). Scale
bar: 100 µm, error: ± SEM, ***p < 0.001.
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intraspinal injection was likely as a result of an uptake of fewer virions relative to NF200+ neurons but not
because of an inability to become transduced by rAAV vectors.
Unlike in this study, recent reports suggested that certain AAV serotypes would avoid infection of DRG
neurons. When comparing our findings, we noticed that in some of these studies, different promoters
have been used. (Peirs et al., 2015) found no transduction in vGlut3+ DRG neurons when expression was
driven from the hSyn1 promoter. We therefore compared expression of eGFP after intraspinal injection
of either AAV9.CAG.eGFP or AAV9.hSyn1.eGFP (at 1.5 x 1013 vg/mL). Injection of AAV9.hSyn1.eGFP lead
to a significantly reduced number of eGFP+ neurons in the DRGs as compared to AAV9.CAG.eGFP (8 ± 2%
vs. 49 ± 5%, respectively), while there was no significant difference in number of transduced spinal
neurons (98 ± 1% vs. 97 ± 1.5%, AAV9.CAG vs. AAV9.hSyn1) at the site of injection (Fig. 3.5a–g). In addition,
we found a biased expression in NF200+ and CGRP+ DRG neurons (Fig. 3.5h). When analyzing transduction
of DRG neurons after intraspinal injection of AAV9.CAG.eGFP, we also found that transduction was biased
toward NF200+ and CGRP+ neurons. This difference could be overcome by increasing the viral titer, which
likely led to an increase in the average number of viral particles taken up per DRG neuron. As we could
not further increase the titer, we injected AAV9.hSyn1.eGFP directly into the L4 DRG. We reasoned that,
if the hSyn1 promoter is just weaker than the CAG promoter, then increasing the number of viral particles
per cell through direct injection into the DRG should increase the number of transduced neurons.
Determining the number and the identity of the transduced neurons, we found a significant increase in
the number of transduced neurons (7.9 ± 1.8% after intraspinal injection vs. 40.6 ± 4% after injection into
the L4 DRG, p < 0.001) but also that the bias for expression in NF200+ and CGRP+ neurons remained (Fig.
3.6a–d). This indicated to us that the hSyn1 promoter not only has a lower general activity than the CAG
promoter but is also more active in NF200+ and CGRP+ neurons than in unmyelinated TH+ or IB4+
neurons.
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Fig. 3.6 Human synapsin 1 promoter (hSyn1)‐driven enhanced green fluorescent protein (eGFP) expression is reduced in
unmyelinated tyrosine hydroxylase (TH)+ and IB4+ dorsal root ganglia (DRG) neurons. Lumbar L4 DRGs were injected directly with
AAV9.hSyn1.eGFP at a high titer to increase the vector genomes per cell. (a–c) Immunohistochemical analysis of DRG sections after
intra‐DRG injection. (a) Determination of the fraction of DRG neurons expressing eGFP using antibodies against GFP (green) and
NeuN (red). (b) Immunohistochemical analysis with antibodies against neuro‐filament 200 (NF200) (red) and GFP (green) combined
with IB4 (blue) labeling. (c) Immunohistochemical analysis with antibodies against calcitonin gene‐related peptide (CGRP) (red), GFP
(green) and TH (blue). (d) Quantification of the fraction of all DRG Neurons (NeuN), c‐low threshold mechanoreceptors (TH),
peptidergic (CGRP) myelinated (NF200) and nonpeptidergic unmyelinated DRG neurons that express eGFP after intra‐DRG injection
of AAV9.hSyn.eGFP. Scale bar: 100 µm, error: ±.SEM.

The hSyn1 promoter has been used to drive functional expression of effector proteins in different
subtypes of spinal cord neurons (Foster et al., 2015, Peirs et al., 2015). In a final set of experiments, we
therefore wanted to understand how the relative expression achieved in DRG neurons after intraspinal
injection of AAV9.hSyn1.eGFP and AAV9.CAG.eGFP compares to the AAV9.hSyn1.eGFP evoked relative
expression obtained in the spinal cord. We therefore compared the relative eGFP fluorescence in DRG
neurons transduced with either AAV9.hSyn.eGFP or AAV9.CAG.eGFP to the eGFP fluorescence in spinal
neurons after transduction with AAV9.hSyn.eGFP. We found that in DRG neurons, the average hSyn1‐
driven eGFP fluorescence is 3.8 times lower than the average CAG‐driven eGFP fluorescence (Fig. 3.7a, b
and d). We then compared the eGFP expression levels in DRG neurons obtained with either the CAG or
the hSyn1 promoter to that of hSyn1‐driven eGFP at the spinal injection site. Average eGFP expression
driven by the CAG promoter in DRG neurons was 2.3 times lower and hSyn1‐driven average eGFP
expression in DRG neurons was 8.9 times lower than hSyn1‐driven eGFP expression in the spinal cord (Fig.
3.7a–d). Our data thus suggest that intraspinal injection of viral constructs using the hSyn1 promoter leads
to strongly reduced expression in DRG neurons while maintaining high expression levels in intrinsic dorsal
horn neurons.
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Fig. 3.7 Human synapsin 1 promoter (hSyn1) drives high level of enhanced green fluorescent protein (eGFP) expression in the
spinal cord but low levels in dorsal root ganglia (DRGs) after intraspinal injection. Comparison of eGFP expression levels after
intraspinal injection of high titer AAV9.CAG.eGFP or AAV9.hSyn1.eGFP. Sections of DRGs (a and b) or spinal cords (c) were imaged
under the same conditions following intraspinal injection of AAV9.CAG.eGFP (a) or AAV9.hSyn1.eGFP (b and c). (d) Quantification of
eGFP expression in cell bodies of DRG neurons (DRG) or spinal neurons (spc) after intraspinal transduction by serotype 9 vectors
controlling eGFP expression either by the CAG or hSyn1 promoter. Scale bar: 100 100 µm, error: ±.SEM, ***p < 0.001.
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3.5. Discussion
rAAV vector‐mediated targeted expression has become almost indispensable for interrogation of sensory
circuit function. If neurons located at the injection site are to be studied, it is crucial to restrict the
expression of an effector protein as far as possible to the targeted site within the nervous system thus
avoiding ambiguous results. Here, we show that seven different commonly used rAAV vectors are capable
of transducing DRG neurons and descending supraspinal neurons after intraspinal injection. However, we
also show that co‐expression of the encoded transgene in neurons at the injection site and neurons at
synaptically connected sites of the nervous system can be reduced by driving transgene expression from
the human synapsin 1 promoter fragment. Conversely, if descending neurons are to be studied, they can
efficiently be targeted using rAAV2retro vectors.

3.5.1. rAAV‐mediated gene transfer in the nervous system
Numerous studies have addressed the efficiencies of different rAAV serotypes in transducing neurons at
various CNS or PNS sites. To the best of our knowledge, this is the first study to specifically compare spinal
local and retrograde transduction efficiencies of the majority of commonly available AAV serotypes. A
previous study conducted in the rat nervous system compared AAV1, 2, and 5 and found that AVV vectors
serotyped with AAV capsid 1 or 5 efficiently transduced neurons at various injection sites in the CNS
including the spinal cord (Burger et al., 2004). We also found AAV vectors with serotype 1 to efficiently
transduce spinal neurons, but in our hands, serotype 5 was the least efficient serotype for local
transduction at the injection site. The study of Burger et al. (2004) was conducted in rats, whereas our
study was conducted in mice. The observed differences might therefore be because of species differences.
Our data are in agreement with a previous study indicating that AAV6 is the most efficient naturally
occurring capsid variant for retrograde transport (Salegio et al., 2013). Nevertheless, consistent with Tervo
et al. (2016) we find that the capsid variant AAV2retro increases retrograde transduction by more than an
order of magnitude. Many other studies have used other routes of administration such as intravenous
injection to target a large range of tissues (Foust et al., 2009, Hu et al., 2010) or intrathecal injection and
injection into the sciatic nerve to specifically target DRG neurons (Towne et al., 2009). The transduction
achieved by these routes of administration might depend on different mechanisms. Such studies are
therefore difficult to compare.

3.5.2. Restricting transduction of pain circuits
Many neuronal subpopulations in the spinal cord share the expression of certain molecular marker genes
with other populations at different sites of the nervous system. When such a marker gene is used to drive
Cre expression in a transgenic mouse, unambiguous interrogation of the function of the Cre‐expressing
spinal subpopulation can only be achieved if the activity of effector proteins is limited to the spinal cord.
In the context of rAAV vector‐mediated delivery of effector proteins, serotypes/capsid variants or
promoters have to be used that avoid co‐expression in remote but synaptically connected sites. Here, we
have shown that intraspinal injection of commonly used rAAV serotypes lead to the transduction of DRG
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neurons as well as to the transduction of supraspinal CNS sites sending descending inputs to the spinal
cord. Transduction efficiency of DRG neurons (and supraspinal neurons) was dependent on the titers
applied. The initial comparisons were carried out with titers that were three times lower compared to
subsequent applications. These titers were high enough to transduce > 80% of spinal neurons, and 12–
44% of all DRG neurons depending on the serotype. Transduction of supraspinal neurons by serotypes 1,
5, 6, 7, 8, 9, and rh10 was less efficient. We found that rAAV2retro labeled > 20‐fold more neurons in S1
as compared to AAV9, suggesting that eGFP expression occurred in less than 5% of descending neurons
after injection of AAV9. If transduction of supraspinal neurons projecting to the spinal cord is the aim of
an experiment, rAAV2retro is clearly superior to the other tested serotypes. Conversely, if co‐expression
at the injection site and connected sites should be reduced, using the hSyn1 promoter, potentially in
combination with an AAV serotype less efficient in retrograde transport than AAV9, is a good option. In
fact, we could not detect any eGFP expression at supraspinal sites when injecting AAV9.hSyn1.eGFP
intraspinally and furthermore observed a > six‐fold decrease in the number of detectable eGFP‐expressing
DRG neurons and an additional four‐fold decrease in eGFP expression levels. In addition, we found that in
DRGs hSyn1‐mediated transgene expression is preferentially detected in myelinated NF200+ neurons. Our
findings are in good agreement with results from Peirs et al. (2015) and Petitjean et al. (2015), who have
found no co‐expression in the respective DRG populations (i.e., unmyelinated TH+ and Pvalb+) after
intraspinal injection of an AAV8, harboring a hSyn1‐driven Cre‐dependent expression cassette, into
vGlut3Cre or PvalbCre animals.
In order to exclude AAV‐mediated transgene expression at unwanted sites or to restrict expression to
neuronal subsets using specific short promoters in rAAV vectors has proven successful at other CNS sites
(e.g. Cronin et al., 2014, de Leeuw et al., 2014, Gompf et al., 2015, Oh et al., 2009). However, while the
use of such specific promoters can strongly reduce co‐expression in unwanted cell types, as also seen here
with the hSyn1 promoter, viral uptake, transport, and unloading of the viral genome remain dependent
on the respective AAV capsid. Therefore, the same number of neurons will carry viral genomes regardless
of the specific promoter used. As a result, a given promoter, for example, hSyn1, may be too weak to drive
reporter gene expression levels beyond detection levels, but may still be sufficient to effectively interfere
with neuronal function when highly potent effector proteins such as the bacterial toxins (e.g., diphtheria
toxin or tetanus toxin) are used. An alternative, and potentially more powerful, strategy is the use of
intersectional genetics, which are often based on the use of two recombinases driven by promoters of
two different but in their expression partially overlapping marker genes. Marker genes have to be selected
in a way that combinatorial expression is restricted to the population of interest and avoided in potentially
confounding populations. Using reporter mice intersectional manipulation of neuronal subpopulations
has been pioneered by the Dymecki lab and later on successfully employed by the laboratories of Quifu
Ma and Martyn Goulding for the analysis of spinal circuits (Awatramani et al., 2003, Kim et al., 2009, Duan
et al., 2014, Bourane et al., 2015). Meanwhile also intersectional rAAV vector approaches have become
available (Fenno et al., 2014, Madisen et al., 2015), adding the advantage of increased spatial resolution.
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Further development of both a) cell type specific short promoters and b) intersectional strategies should
greatly enhance our ability to understand and manipulate the function of small functional subpopulations
involved in processing of noxious stimuli and thereby contribute to our understanding of the development
of acute and chronic pain.
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4.1. Abstract
Several brain centers have an important role in pain, not only for the conscious perception thereof, but
also to suppress pain in dangerous situations. Descending projections from the rostral ventromedial
medulla (RVM) to the spinal cord mediate this inhibitory control. To date, little is known about the identity
of the specific spinal target neurons. Here, we identify Gbx1‐expressing spinal inhibitory interneurons as
targets of descending pain control. Pharmacogenetic inhibition of spinal Gbx1 neurons had little effect in
acute pain tests, whereas activation of these neurons induced strong analgesia to noxious mechanical,
cold and heat stimuli. These results indicate that supraspinal input is required to recruit spinal Gbx1
neurons to mediate analgesia. In fact, inhibition of Gbx1 neurons entirely prevented swim stress‐induced
analgesia. Providing additional support for this descending pain control circuit, we identified several brain
areas that supply descending projections onto spinal Gbx1 neurons. The large majority originated from
inhibitory RVM neurons, which we confirmed to provide functional synaptic input onto spinal Gbx1
neurons. We therefore propose this inhibitory RVM‐spinal cord pathway to control Gbx1 neurons, a spinal
inhibitory interneuron population crucial for stress‐induced analgesia.
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4.2. Introduction
Acute pain has an important physiological function in warning us to avoid potentially harmful influences.
However, in situations of threat that could pose an even greater risk to health or survival, mechanisms to
suppress pain are crucial. The pain circuitry comprises both ascending and descending pathways that fulfill
these functions. In the ascending pathway, subclasses of primary afferent neurons detect nociceptive
stimuli in the periphery and terminate predominantly in the superficial dorsal horn of the spinal cord.
Here, a complex network of inhibitory and excitatory interneurons interplays to process and eventually
transmit the signal to higher central nervous system (CNS) areas, where nociceptive stimuli can be
perceived as painful. The CNS in turn also provides descending input to the spinal cord. In particular, the
rostral ventromedial medulla (RVM) is widely accepted as an important center for descending pain
control, such as in stress‐induced analgesia (SIA). To date, the precise neuronal targets of this descending
pain control in the spinal cord are poorly characterized. Only recently, the development of a palette of
genetic tools has started to enable a detailed dissection of the underlying circuit. Transgenic mouse lines
and viral vectors to drive the expression of various effector proteins together allow for a functional
manipulation of genetically defined neuronal subpopulations.
In the spinal dorsal horn, a variety of interneuron subpopulations is involved in the processing of sensory
signals. According to the gate control theory of pain, inhibitory interneurons serve as a gate to control
nociceptive signal propagation (Melzack and Wall, 1965). Different interneuron subpopulations have been
attributed with this role in several or specific sensory modalities. We found glycinergic neurons, which are
primarily located in the deep dorsal horn, to prevent acute mechanical and thermal pain, itch and
spontaneous pain (Foster et al., 2015). Similarly, early Ret+ deep dorsal horn neurons were also implicated
in mechanical and thermal pain (Cui et al., 2016). In contrast, inhibitory neurons of the Dynorphin lineage
and the mixed excitatory/inhibitory populations of Parvalbumin‐ and Penk‐expressing neurons have been
described to gate mechanical, but not thermal pain (Petitjean et al., 2015, Duan et al., 2014, Francois et
al., 2017). Others have implicated Dynorphin neurons as part of the BI‐5 neurons in gating itch, but not
pain (Ross et al., 2010, Kardon et al., 2014). NPY neurons were described to negatively regulate
mechanical itch, but not chemical itch or pain (Bourane et al., 2015). Despite these comprehensive studies
of particular inhibitory interneuron subpopulations, further investigation of these and other inhibitory
interneurons remains necessary to dissect the processing of specific modalities and influences by other
internal states, such as stress.
Descending control of specific inhibitory interneurons of the spinal cord remains largely elusive. Francois
et al. (2017) have shown the GABAergic subset of spinal Penk neurons to receive input from GABAergic
RVM neurons and suggest this pathway to be regulated in opposite ways in acute and chronic stress to
inhibit or facilitate mechanical pain. Manipulation of spinal Penk neurons or spinally projecting inhibitory
RVM neurons had no effect on thermal pain. In contrast, (Zhang et al., 2015), described an antinociceptive
function of dual GABAergic/enkephalinergic RVM neurons in both mechanical and thermal pain. Their
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rabies‐based tracing in neonatal mice suggested direct inhibition of primary afferents by these RVM
neurons. Apart from these, the existence of a pathway that controls thermal pain via inhibitory
interneurons of the spinal cord is very likely. Thermal nociceptors terminate in the superficial dorsal horn.
Previous studies have mainly focused on deep dorsal horn neurons, the large majority of which use glycine
as a neurotransmitter (Foster et al., 2015, Petitjean et al., 2015, Cui et al., 2016). We therefore chose to
investigate a hitherto uncharacterized subpopulation of inhibitory interneurons that is also located in the
superficial laminae, where inhibitory interneurons are mainly GABAergic, but not glycinergic. In line with
gene expression screens by our and the Chen group (Li et al., 2006, Wildner et al., 2013), Gbx1 was
identified as a marker for a subpopulation of inhibitory interneurons in the dorsal horn (John et al., 2005).
Here, we set out to characterize Gbx1 neurons in terms of their molecular profile, function and
connectivity. We generated a Gbx1iCre mouse line to specifically target Gbx1‐expressing inhibitory neurons
and thereby manipulate their function. Activation of Gbx1 neurons reduced responses to noxious heat,
cold and mechanical stimuli, while inhibition had little effect. We show that Gbx1 neurons are targets of
descending pain control, predominantly from the ventral medulla, and that they are crucial for stress‐
induced analgesia to mechanical and thermal pain.
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4.3. Materials and Methods
4.3.1. Mice
For strains and resources, see resource table. Colonies were maintained by the Laboratory Animal Services
Center (LASC) of the University of Zurich. Animals were kept in a 12 h light/dark cycle and received food
and water ad libitum. For tdTomato reporter analysis, animals were sacrificed at postnatal day 14 to 15.
For electrophysiology, animals were aged 20 to 25 days at injection. Animals were aged six to 10 weeks
at the beginning of all other experiments. Male mice were used for behavioral experiments. All animal
experiments were approved by the Swiss cantonal veterinary office (Zurich, license numbers 64/2010,
75/2013, 31/2016, 63/2016).

4.3.2. Generation of Gbx1iCre mouse line
Two DNA cassettes were placed into the 3’ untranslated region (UTR) of the Gbx1 gene using the
recombineering method (Copeland et al., 2001). The first cassette contained an internal ribosomal entry
site (IRES), DNA coding for improved Cre (iCre) and the bovine growth hormone polyadenylation (BGH pA)
signal. The second, Flp recombinase target (FRT) site‐flanked cassette contained the phosphoglycerate
kinase (PGK) and EM7 promoters, a neomycin resistance (NeoR) gene and another BGH pA. Cloning was
performed in pBluescript to generate a sequence containing the two DNA cassettes flanked by short DNA
sequences homologous to the target site in the Gbx1 locus. Homologous Recombination in SW102
bacteria was used to insert an about 12kb long DNA sequence of the Gbx1 locus into pDTA. Homologous
recombination was then used again to insert the two cassettes into the 3’UTR within pDTA. This plasmid
was linearized using PacI and handed over to the Institute of Laboratory Animal Sciences (LTK) for
electroporation into JM8N4 embryonic stem (ES) cells (C57BL/6NTac). Subsequently, 288 clones were
picked and expanded under neomycin selection. The clones were screened for correct recombination
using Southern Blotting (see below). Clone IIA11 was chosen for blastocyst injection (albino‐C57Bl/6; B6/J‐
TyrC) and gave rise to two male chimeras. PCR‐confirmed Cre‐positive offspring was crossed with the Flp‐
deleter strain (ACTB::FLPe; Rodriguez et al., 2000) to excise the neomycin resistance cassette. NeoR‐
negative offspring was maintained on a C57Bl/6 background.

4.3.3. Southern Blot
Southern Blotting was performed as described by Haueter (2016). Primers for Probe generation were
ACAGAGGAATGCCACAGGAC

and

GGTGGAGCAAAGAGCAAGAG

for

external

5’

probe

and

GTTTGCACTGAAGGGAGACC and CCAAGCCTGACCAGAGAGAC for internal 3’c probe. DNA was digested
with the restriction enzyme EcoRI (R0101) or BglII (R0144, both from New England Biolabs,
RRID:SCR_013517) for hybridization with 5’ or 3’c probe, respectively. This generated the following
fragments: 12.818 kb EcoRI Gbx1wt, 8.817 EcoRI Gbx1iCre, 11.282 kb BglII Gbx1wt and 13.964 kb BglII
Gbx1iCre.
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4.3.4. Genotyping PCRs
Presence of the Gbx1iCre and Gbx1wt allele determined by PCR using the following primers:
CAGTGAGGTGCAGGTGAAGA

(fwd‐common),

CTTCACGACATTCAACAGACC

wt

CCCTCCTGGATCAGAATGAA (rev‐Gbx1 ) yielding PCR products of 423 bp (Gbx1
For

the

excision

of

the

neomycin

resistance

cassette

was

iCre

(rev‐Gbx1iCre)

and

) and 411 bp (Gbx1wt).

tested

using

primers

GAAACCTGGACTCTGAGACTGG (fwd‐iCre‐Neo) and CTAGCTTGGCTGGACGTAAACT (rev‐iCre‐Neo).

4.3.5. Virus production
Viruses were obtained from the resources indicated in resource table. The cell lines required for
production of EnvA.RV.dG.eGFP were obtained from Dr. Edward Callaway (Salk Institute). Propagation
and pseudotyping was done following the protocol by Osakada and Callaway (2013).

4.3.6. Intraspinal injections
Intraspinal injections were done following the protocol by Haenraets et al. (in revision). In brief, mice were
anaesthetized and immobilized on a motorized stereotaxic frame (David Kopf Instruments, Tujunga, CA,
USA and Neurostar, Tubingen, Germany). The vertebral column was fixed using a pair of spinal adaptors
and lumbar spinal cord at L4 and L5 was exposed. Unilateral injections were spaced approximately 1 mm
apart and performed at a depth of 300 µm with glass micropipettes attached to a 10 µl Hamilton syringe.
For all experiments (except rabies tracing, see below), three injections of 300 nL were made. The rate of
injection (30‐50 nL/min) was controlled using a PHD Ultra syringe pump with a nanomite attachment
(Harvard Apparatus, Holliston, MA). Wounds were sutured and the animals were injected i.p. with 0.1‐0.2
mg/kg buprenorphine and allowed to recover on a heat mat.

4.3.7. RVM injections
Mice were anaesthetized and immobilized on a motorized stereotaxic frame as above. Stereotaxic
injections into the RVM were performed at coordinates ‐6, 0, 5.7. For electrophysiology, 300nl of
AAV1.ChR2‐YFP were injected at a rate of 30 nL/min. For intersectional targeting experiments, 500 nL of
AAV1.CON/DON.eGFP (titer 3.1 x 1012 vg/ml) were injected at a rate of 50 nL/min.

4.3.8. Monosynaptic rabies tracing
For retrograde monosynaptic rabies tracing experiments, we used a two step‐strategy that involved
intraspinal injection of helper virus containing a Cre‐dependent expression cassette and subsequent
infection of a pseudotyped rabies virus. For IHC a helper virus with an expression cassette for both, rabies
glycoprotein (RG) and TVA (avian tumor virus receptor A) was used (AAV.flex.TVA.2A.RG). For multiplex
FISH, two helper viruses, one for expression of optimized rabies glycoprotein (AAV.flex.oG) and one for
the expression of TVA and mCherry (AAV.flex.TVA.2A.mCherry) were coinjected. Three unilateral
injections of 300 or 500 nL virus (mixture) each were made. Two to three weeks later, an EnvA (avian
sarcoma leukosis virus A envelope glycoprotein)‐pseudotyped glycoprotein‐deficient rabies virus
(EnvA.RV.dG.eGFP) was injected (two unilateral injections of 300 or 500 nL each). TVA expression from
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the helper virus enabled cell‐type specific expression of Gbx1iCre, in which transcomplementation with
rabies G protein allows transsynaptic retrograde spread to second order neurons. Initially mice were
perfused two weeks after rabies virus injection, but as we observed cell death with longer incubation, all
subsequent animals were perfused five to seven days after rabies injection.

4.3.9. Behavioral tests
For pharmacogenetic experiments, baseline measurements were performed before intraspinal AAV
injection and before intraperitoneal injection of CNO (2 mg/kg) or vehicle. Post‐CNO measurements were
performed as indicated. The experimenter was blinded to treatment and/or genotype. For each test, the
animals were acclimatized to the setup for 30 to 60 minutes before the first measurement.
Responses to noxious cold were determined following the protocol by Brenner et al. (2012) using a 5 mm
thick borosilicate glass platform. Thermal withdrawal latencies were assed using a Hargreaves test
apparatus with a temperature controlled glass platform (30°C) (IITC, Woodland Hills, CA). To assess
responses to noxious mechanical stimuli, a pin prick test was performed. The plantar surface of hind paws
was stimulated with a blunted G26 needle without penetration of the skin. Behavioral outcomes was
scored as 0 (no reaction) or 1 (reaction). Mechanical withdrawal thresholds were assessed using an
electronic von Frey anesthesiometer with 7 g filaments (IITC, Woodland Hills, CA). To test responses to
dynamic light touch stimulation the paws were gently stroked with a soft paintbrush. Responses were
assessed according to a scoring system adapted from Duan et al. (2014): no evoked movement = 0, walking
away or occasionally brief paw lifting (~1 s or less) = 1, sustained lifting (>2 s) of the stimulated paw toward
the body = 2, strong lateral lifting above the level of the body = 3, flinching/ licking of the affected paw =
4. Paws were stimulated alternately in these tests. Motor coordination was tested using an accelerating
rotarod (IITC, Woodland Hills, CA). Mice were trained before the experiment. The rod was programmed
to accelerate from 0 to 40 rpm over 300 s and latency to fall was recorded. For cold, Hargreaves and von
Frey test, six to eight baseline measurements were done. For pin prick and light touch stimulation, 10
baseline measurements were performed and for rotarod, five baseline runs were conducted. Unstressed
animals were tested four times per hour post‐CNO. Stressed animals were subjected to the thermal and
pin prick tests every 10 and 3‐5 minutes, respectively. To assess itch responses to pruritogens, chloroquine
and histamine were injected intradermally into the calf. The animals were videotaped and time spent
licking and biting the injected hind limb was quantified off‐line in bins of ten minutes. For swim‐stress‐
induced analgesia, mice were placed for 5 minutes individually in a Plexiglas cylinder (24 cm tall, 18 cm in
internal diameter) filled with 20 °C water to a depth of 15 cm. Mice were removed from the water bath,
dried with a towel and transferred to the respective sensory test apparatus. For restraint‐stress induced
analgesia, mice were placed individually for 30 min in a translucent conical 50 mL Falcon tube
(Polypropylene, 3 cm diameter, 11.5 cm length) with air holes for nose and free movement of the tail.
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4.3.10. Electrophysiology
Two Gbx1iCre VIAATDre R26d.STOP‐Tom animals with tdTomato reporter expression only in the inhibitory
lineage of Gbx1 neurons were used for electrophysiology experiments. Animals were sacrificed for the
preparation of transverse spinal cord slices (350 µm thickness) at least 14 days after the RVM injection, in
order to ensure sufficient expression of ChR2 in the terminals of the spinally projecting neuron. Dissection
and slicing of the lumbar spinal cord was performed in ice cold dissecting solution (containing in mM: 65
NaCl, 105 sucrose, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 glucose, 0.5 CaCl2, 7 MgCl2), which was
continuously bubbled with carbogen gas (95% oxygen, 5% carbon dioxide). Slices were allowed to recover
in oxygenated artificial cerebrospinal fluid (aCSF) (containing in mM: 120 NaCl, 26 NaHCO3, 1.25
NaH2PO4, 2.5 KCl, 5 HEPES, 14.6 glucose, 2 CaCl2, 1 MgCl2) heated to 35⁰C in a water bath. Slices were
left to recover for at least 30 min before recording.
Slices were transferred to the recording chamber where they were continuously perfused with
oxygenated aCSF at a flow rate of 2 mL/min. Targeted whole‐cell recordings were taken from tdTomato‐
positive neurons within laminae I and II of the spinal dorsal horn, which was also the area of densest ChR2‐
YFP expression. Recording electrodes (tip resistance 3‐5 MΩ) were filled with a CsCl‐based internal
solution (containing in mM 120 CsCl, 10 HEPES, 0.05 EGTA, 2 MgCl2, 2 Mg‐ATP, 0.1 Na‐ATP, 5 QX‐314).
This internal solution prevented action potential firing during light‐evoked responses and enabled the
amplitude of the synaptic currents to be measured.
Patch‐clamp signals were acquired at 20 kHz using a HEKA EPC10 amplifier controlled by Patchmaster
acquisition software. To measure light‐evoked synaptic currents, cells were voltage clamped at ‐70 mV
and 4 ms blue light (λ = 470nm) stimuli were applied at a frequency of 0.1 Hz using a Polychrome V
monochromator (TILL photonics). To determine the inhibitory/excitatory nature of the light‐evoked
synaptic current, antagonists of GABAA and glycine receptors (bicuculline 20 µM and strychnine 0.5 µM
respectively) were applied during the recording via 3‐way stopcocks without any change in perfusion rate.
Access resistance was monitored throughout each experiment by applying voltage pulses of ‐10 mV at the
start of every recording sweep. Data were excluded if the access resistance changed by more than 20%
during the recording. All data were analyzed using Igor Pro software installed with the NeuroMatic plug‐
in.

4.3.11. Immunohistochemistry (IHC)
IHC was essentially performed as previously described (Punnakkal et al., 2014). In brief, mice were
transcardially perfused with 20 mL of ice‐cold artificial cerebrospinal fluid (ACSF) solution (pH 7.4) or
phosphate buffered saline (PBS, pH 7.4), followed by 100 mL of 4% ice‐cold paraformaldehyde (PFA, in
PBS or 0.1 M Sodium phosphate buffer (PB), pH 7.4). Lumbar spinal cords, brain tissue, and the part of the
vertebral columns containing the lumbar DRGs were immediately dissected and post‐fixed for 2 h in 4%
PFA on ice. Post‐fixed tissue was briefly washed with PBS or 0.1 M PB (pH 7.4) and then incubated in 30%
sucrose (in PBS or 0.1 M PB, pH 7.4) overnight at 4°C. Cryoprotected tissue was cut at 25 µm (spinal cords
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and spinal columns) or 40 µm (brain) on a Hyrax C60 Cryostat or, for free‐floating sections on a Hyrax S30
sliding microtome (Zeiss, Oberkochen, Germany). Sections were either mounted on Superfrost Plus glass
slides (Thermo Scientific, Zurich, Switzerland) and stored at ‐80°C or transferred to antifreeze solution
(500 mL 50mM PB, pH 7.4 + 150 g glucose + 300 mL ethylene glycol + 200 mg sodium azide) and stored at
‐20°C prior to use.
For immunostainings on slides, the embedding medium was dissolved in PBS before sections were blocked
in 0.1% Triton X‐100/10% normal donkey serum (NDS, AbD Serotec, RRID:SCR_008898) in PBS for at least
1 h. For immunostainings of free‐floating sections, PBS solution with 274 mM NaCl was used for each step.
Free‐floating sections were washed three times in 50% ethanol for 10 min each, then washed twice in PBS
and blocked in 0.3% Triton X‐100/10% NDS in PBS. Sections were incubated overnight with primary
antibodies (see resource table) in the respective blocking solution at 4°C. Sections were then washed in
PBS and subsequently incubated with secondary antibodies in blocking solution for 30 to 60 minutes at
room temperature. Secondary cyanine 3 (Cy3)‐, Alexa Fluor488‐, DyLight 488‐, 647‐ and 649‐conjugated
antibodies raised in donkey were obtained from Jackson ImmunoResearch (RRID:SCR_010488). To detect
IB4+ neurons the isolectin IB4 Alexa Fluor 647 conjugate (647‐IB4) was included in the secondary antibody
solution. Sections were washed in PBS, free‐floating sections were mounted on superfrost plus glass slides
and slides were coverslipped using DAKO fluorescent mounting medium (Dako, RRID:SCR_013530).

4.3.12. Multiplex fluorescent in situ hybridization (FISH)
Multiplex FISH was performed using the Manual RNAscope Assay (Advanced Cell Diagnostics,
RRID:SCR_012481) on fresh frozen tissue. Mice were decapitated; brain and spinal cord tissue were
immediately harvested and snap frozen in liquid nitrogen. To harvest lumbar spinal cords, the
corresponding part of the vertebral column was dissected and a syringe with ice‐cold DEPC‐treated PBS
was used to flush out the spinal cord tissue. Tissue was embedded in Neg‐50 frozen section medium
(Thermo Scientific), frozen at −80°C, and cut into 25 μm cryosections using a HYRAX C60 Cryostat (Carl
Zeiss, Oberkochen, Germany). Sections were mounted immediately onto Superfrost Plus glass slides
(Thermo Scientific, Zurich, Switzerland) and stored at ‐80°C prior to use. Multiplex FISH was performed
according to the Manual RNAscope Assay user manual ((Advanced Cell Diagnostics, RRID:SCR_012481).
For probes, see resource table).

4.3.13. Image acquisition and analysis
Fluorescent images were acquired on a Zeiss LSM710 Pascal confocal microscope using a 0.8 NA × 20 Plan‐
apochromat objective or a 1.3 NA × 40 EC Plan‐Neofluar oil‐immersion objective and the ZEN2012
software (Carl Zeiss). Whenever applicable, contrast, illumination, and false colors were adjusted in Adobe
Photoshop (Adobe Systems, Dublin, Ireland). Cell quantifications were performed in ImageJ
(RRID:SCR_003070) using the Cell Counter plug‐in (Kurt De Vos, University of Sheffield, Academic
Neurology).
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Quantifications of immunohistochemistry and in‐situ hybridization were performed on 8‐12 transverse
spinal cord sections of three animals. For analysis of colocalization with Pax2, Lmx1b and Tlx3, the cells in
one z‐plane of one dorsal horn of each section (quadrant determined by two perpendicular lines through
the central canal) were counted. For colocalization with eGFP in GAD67eGFP and GlyT2::eGFP mice, the
area with strong eGFP labeling (lamina I to III and lamina III to the level of the central canal, respectively)
was analyzed as above. For the analysis of colocalization with Galanin, three z‐stacks were acquired of
randomly selected regions of interests (ROI) in the superficial dorsal horn (laminae I –II) of each section.
Quantification was performed on maximum intensity projections. For the analysis of colocalization with
nNos, two z‐stacks were acquired of randomly selected ROIs spanning laminae I‐III of each section.
Quantification was performed on all z‐planes. For analysis of colocalization with NPY, PV and Penk with
Gbx1 in multiplex in situ hybridization, one z‐stack was acquired of a ROI in the center of the superficial
dorsal horn (laminae I –II) of each section. Quantification was performed on all z‐planes. To confirm each
counted cell to be a cell body, Dapi staining of the nucleus was verified. For the quantification of
transduced neurons after intraspinal injection, 3‐5 sections per animal of three animals were analyzed.
Spinal cord sections were analyzed as described above for Pax2. For DRGs, all positive cells per section
were counted.

4.3.14.Statistics
Statistical analyses were performed using Graph Pad Prism 5 for t‐tests and IBM SPSS Statistics 22 for
ANOVAs. For unpaired two‐tailed t‐tests, Welch’s correction was applied whenever variances differed
significantly. For two‐way mixed ANOVAs, Greenhouse‐Geisser or Huyn‐Feldt correction was applied for
the main effects of the interaction and the repeated‐measures variable, whenever Mauchly’s test
indicated that the assumption of sphericity had been violated. If the interaction of the repeated‐measures
variable and the between‐subjects variable was significant, the simple main effects were analyzed and
least significant difference (LSD) post hoc pairwise comparisons were performed. If the interaction was
not significant, the main effects for each variable was analyzed and Bonferroni‐corrected post‐hoc tests
were performed where applicable.
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Tab. 4.1 Resource Table.
Reagent
Mice
C57BL/6J mice (wildtype)
B6/J‐TyrC (albino‐Bl/6)
B6.Cg‐Tg(ACTFLPe)9205Dym/J (ACTB::FLPe)
B6‐Gbx1(cre)<tm1Uze> (Gbx1iCre)
B6.FVB‐Tg(Slc6a5‐cre)7814Uze (GlyT2::Cre)
B6N.Cg‐Gad2<tm2(cre)Zjh>/J(019022) (Gad65Cre)
STOCK Slc17a6<tm2(cre)Lowl>/J(#016963)
(Vglut2Cre)
C57BL/6‐Tg(Tph2‐cre)RH35Gsat/Mmucd
(Tph2::Cre)

Resource
The Jackson Laboratory
The Jackson Laboratory
generated for this publication
Institute of Pharmacology and Toxicology
(Zurich)
The Jackson Laboratory
The Jackson Laboratory

GENSAT/MMRRC
Institute of Pharmacology and Toxicology
Slc32a1<tm(Dre)Uze> (VIAATDre)
(Zurich)
Institute of Pharmacology and Toxicology
C57BL/6.FVB‐Tg(Slc6a5‐EGFP)13Uze (GlyT2::eGFP) (Zurich)
B6.CBA‐GAD1<tm1.1Tama>/GAD1+ (Gad67eGFP)
Gt(ROSA)26Sortm14(CAG‐tdTomato)Hze/J mice
(R26Tom)
The Jackson Laboratory
B6;129S‐Gt(ROSA)26Sor<tm66.1(CAG‐tdTomato)
The Jackson Laboratory
Hze>/J(#021876) (R26d.STOP‐Tom)

Viral vectors
AAV1.CAG.Flex.eGFP.WPRE.bGH
(AAV1.CAG.flex.eGFP)
AAV1.hSyn.DIO.hM4D(Gi)‐mCherry.hGH
(AAV.flex.hM4D(Gi))
AAV1.hSyn.DIO.hM3D(Gq)‐mCherry.hGH
(AAV.flex.hM3D(Gi))
AAV1.hSyn.ChR2(H134R)‐eYFP.WPRE.hGH
(AAV1.ChR2‐YFP)
ssAAV‐retro/2‐hEF1α‐DreO‐WPRE‐hGHp(A)
(AAV2retro.Dre)
ssAAV‐1/2‐hEF1alpha/hTLV1‐drox‐EGFP(exon1)
_dlox/l‐EGFP(exon2)_dlox/l_EGFP(exon3)(rev)
‐drox‐WPRE‐hGHpA (AAV1.CON/DON.eGFP)
AAV1.EF1a.Flex.TVA‐RabG.WPRE.hHG
(AAV.flex.TVA.2A.RG)
ssAAV‐1/2‐hEF1alpha‐dlox‐oG(rev)‐dlox‐WPRE
‐hGHp(A) (AAV.flex.oG)
ssAAV‐8/2‐hEF1alpha‐dlox‐TVA_2A_mCherry(rev)
‐dlox‐WPRE‐hGHp(A) (AAV.flex.TVA.2A.mCherry)
SAD.RabiesΔG.eGFP (EnvA) (EnvA.RV.dG.eGFP)
ssAAV‐1/2‐hEF1alpha‐dlox‐oG(rev)‐dlox‐WPRE‐
hGHp(A) (AAV.flex.oG)
Reagents
clozapine‐N‐oxide (CNO)
chloroquine diphosphate salt
histamine
647‐IB4 (1:500)

Identifier
RRID:IMSR_JAX:000664
(Townsend et al., 1981)
RRID:IMSR_JAX:005703

(Foster et al., 2015)
RRID:IMSR_JAX:019022
RRID:IMSR_JAX:016963
RRID:MMRRC_036634‐
UCD

MGI:3835459, (Zeilhofer
et al., 2005)
(Tamamaki et al., 2003)
RRID:IMSR_JAX:007914
RRID: IMSR_JAX:021876

Penn Vector Core (Philadelphia, PA, USA)

AV‐1‐ALL854

Penn Vector Core (Philadelphia, PA, USA)

Custom production

Penn Vector Core (Philadelphia, PA, USA)

Custom production

Penn Vector Core (Philadelphia, PA, USA)

AV‐1‐26973P

Viral Vector Facility (Zurich)

v127‐retro

Viral Vector Facility (Zurich)

Custom production

Penn Vector Core (Philadelphia, PA, USA)

Custom production
Custom production

Viral Vector Facility (Zurich)
Custom production
Viral Vector Facility (Zurich)
Produced for this publication
Custom production
Viral Vector Facility (Zurich)

Enzo Life Sciences
Sigma
Sigma
Molecular Probes

BBL‐NS105‐0025
C6628
H7125
I32450
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Tab. 4.1 Resource Table ‐ continued.
Reagent

Resource

Antibodies (dilution)
rabbit anti‐Gbx1 (1:5000)
guinea pig anti‐Gbx1 (1:5000)
goat anti CGRP (1:500)
rabbit anti‐CGRP (1:1000)
goat anti‐Pax2 (1:400)
rabbit anti‐Pax2 (1:400)
guinea pig anti‐Lmx1b (1:10 000)
rabbit anti‐Lmx1b
rabbit anti‐Tlx3
chicken anti‐GFP (1:1000‐1:3000)
rabbit anti‐GFP (1:1000)
sheep anti‐GFP (1:1000)
rabbit anti‐Galanin (1:2000)
goat anti‐nNOS (1:1000)
mouse anti‐NeuN (1:500)
rabbit anti‐NeuN (1:1000‐1:3000)
Rabbit anti‐GFAP (1 : 1000)
mouse anti‐NF200 (1:2000)
sheep anti‐TH (1:1000)
rat anti‐mCherry (1:1000)
rabbit anti‐5‐HT (1:500)
rabbit anti‐TPH2 (1:300)
goat anti‐ChAT (1:100)

Dr. Stefan Britsch
Dr. Stefan Britsch
Abcam
MBL
R & D Systems (Minneapolis, MN, USA)
Invitrogen
Dr. Carmen Birchmeier
Dr. Carmen Birchmeier
Dr. Carmen Birchmeier
LifeTechnologies
Molecular Probes
AbD Serotec
Peninsula Laboratories
Abcam
Millipore
Abcam
DakoCytomation
Sigma
Millipore
Molecular Probes
ImmunoStar
Novus Biologicals
Millipore

(John et al., 2005)
(John et al., 2005)
RRID:AB_725807
AB_591750
RRID:AB_10889828
RRID:AB_2533990
(Muller et al., 2002)

RNAscope multiplex FISH probes
Mm‐Gbx1‐C2
Mm‐Pvalb‐C3
Mm‐Npy
Mm‐Penk‐C3
Mm‐Slc17a6‐C2 (vGluT2)
Mm‐Slc32a1 (vGAT/VIAAT)
Mm‐Slc6a5 (GlyT2)
Mm‐Gad1 (Gad67)
Mm‐Gad2‐C2 (Gad65)
EGFP‐C3

Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics

505481‐C2
421931‐C3
313321
318761‐C3
319171‐c2
319191
409741
400951
415071‐C2
400281‐C3
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Identifier

(Muller et al., 2005)
RRID:AB_2534023
RRID:AB_221570
RRID:AB_619712
RRID:AB_518348
RRID:AB_300614
RRID:AB_2298772
RRID:AB_10711153
RRID:AB_10013382
RRID:AB_477272
RRID:AB_90755
RRID:AB_2536611
RRID:AB_572263
RRID:AB_1049988
RRID:AB_2079751

4.4. Results
4.4.1. Molecular characterization of spinal Gbx1‐expressing neurons
To specifically manipulate GABAergic interneurons of the dorsal horn, a marker gene to drive Cre
expression as a molecular switch was required. The transcription factor Gbx1 had previously been
identified as a marker gene of inhibitory interneurons in the dorsal horn (John et al., 2005, Li et al., 2006).
To assess suitability of the Gbx1 gene as a Cre driver that would allow Cre expression in inhibitory dorsal
horn interneurons located in the termination zone of nociceptors, we characterized Gbx1 expression in
the adult dorsal horn using immunohistochemistry (IHC) and multiplex fluorescent in situ hybridization
(FISH). We found Gbx1 to be restricted mostly to laminae I‐IV (Fig. 4.1A‐C). Using IB4 and CGRP as markers
for nociceptor terminals in the spinal cord to outline spinal laminae I+II we found numerous Gbx1‐
immunoreactive neurons in this area (Fig. 4.1B). The majority (79%) of Gbx1+ neurons also colocalized
with Pax2 (Fig. 4.1C and 4.2A), a marker of the vast majority of inhibitory neurons in the spinal cord (Foster
et al., 2015). Among the Pax2+ cells, 60% were also positive for Gbx1 (Fig. 4.1L). None of the Gbx1+ neurons
coexpressed Lmx1b or Tlx3 (markers for excitatory spinal neurons; Gross et al., 2002, Dai et al., 2008,
Cheng et al., 2004; Fig. 2B). Gbx1 is therefore a marker gene for a large subpopulation of inhibitory
interneurons in laminae I‐IV including those located in the termination area of nociceptors.

Fig. 4.1 Distribution of Gbx1‐expressing cells in the adult mouse spinal cord. A) Schematic representation of spinal cord laminae,
adapted
from
Allen
Brain
Atlas/
Mouse
Spinal
Cord/
Reference
Atlas
(http://mousespinal.brain‐
map.org/imageseries/showref.html). A, B) Immunohistochemistry for Gbx1 and the indicated markers. A) Peptidergic (CGRP+) and
non‐peptidergic (IB4+) nociceptive primary afferents terminate in the outer layers of the superficial dorsal horn. Gbx1‐
immunopositive cells were located from this zone to lamina IV. B) The inhibitory marker Pax2 is expressed in neurons throughout
the grey matter, whereas Gbx1 is restricted to the dorsal horn. Scale bars: 100 µm.

We then addressed the question whether Gbx1+ neurons constitute a homogeneous population or
consists of different subpopulations. Therefore, we set out to comprehensively characterize the molecular
profile of the Gbx1‐expressing population. To test for the neurotransmitter phenotype of Gbx1 neurons,
we used GAD67eGFP knock‐in and GlyT2::eGFP bacterial artificial chromosome (BAC) transgenic mice,
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Fig. 4.2 Expression of markers of inhibitory but not excitatory neurons in Gbx1‐expressing cells. A‐G) Immunohistochemistry and
H‐J) multiplex fluorescence in situ hybridization (FISH) for Gbx1 and a second marker as indicated. Arrows indicate examples of
double‐positive cells. K) Quantification of the percentage of Gbx1‐positive cells also positive for the respective marker. J)
Quantification of the percentage of marker‐positive cells also positive for Gbx1. A, K, L) Most of the Gbx1‐immunopositive cells were
also positive for the marker of inhibitory neurons Pax2, while a subset of the Pax2‐immunopositive cells were also immunopositive
for Gbx1. B, C, K, L) No colocalization was found between Gbx1 and the markers of excitatory neurons Lmx1b and Tlx3. D, E, K, L) In
GAD67eGFP mice (eGFP in GAD67‐expressing GABAergic cells) and GlyT2::eGFP mice (eGFP in GlyT2‐expressing glycinergic cells)
colocalization between eGFP and Gbx1 was found. F‐K) Subsets of Gbx1‐expressing cells were positive for markers of other inhibitory
interneuron populations. L) Most of these known populations are only partially contained in the Gbx1‐expressing population.
Quantifications were performed in the following areas: Pax2, Lmx1b and Tlx3: dorsal horn; Gad67eGFP, Gal, NPY, Penk: superficial
dorsal horn; nNOS: laminae I‐III; GlyT2::eGFP: deep dorsal horn. For details, see materials and methods. Scale bars: 20 µm, error: ±
SEM.
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which express eGFP in GABAergic and glycinergic cells, respectively (Tamamaki et al., 2003, Zeilhofer et
al., 2005). IHC demonstrated that Gbx1+ neurons could be glycinergic and/or GABAergic (Fig. 4.2D, E, and
K).
Next, we assessed to what extent the Gbx1 population overlaps or differs from other known
subpopulations of spinal inhibitory interneurons. IHC showed that the vast majority (94%) of Galanin
(Gal)+ cells were Gbx1+ and these cells comprised a subset (30%) of superficial dorsal horn (sdh) Gbx1+
neurons (Fig. 4.1F, K, L), whereas only a subset (25%) of the neuronal nitric oxide synthase (nNos)+ cells
was positive for Gbx1 and only a small percentage (7%) of Gbx1 cells was nNos+ (Fig. 4.1G, K, L). Using IHC,
neuropeptide Y (NPY) and proenkephalin (Penk) staining is not primarily observed in the cell body,
whereas the transcription factor Gbx1 is located in the nucleus, thus impeding the analysis of
colocalization. We and others have observed that immunohistochemistry for Parvalbumin (PV) is not
consistently reliable in the spinal cord. Therefore, we used multiplex FISH for analysis of colocalization of
Gbx1 with these three markers. We found 38% and 39% of Gbx1+ neurons to be NPY+ or Penk+,
respectively. Vice versa, 67% of NPY+ neurons and 28% of Penk neurons were Gbx1+. A partial co‐
localization between PV and Gbx1 was also observed (not quantified). Thus, for all three markers, a subset
of Gbx1 cells was found positive for the marker and a subset of the cells expressing the marker was
positive for Gbx1. In summary, Gbx1+ cells constitute a heterogeneous subpopulation of inhibitory spinal
neurons spanning lamina I‐IV. We conclude that the Gbx1 gene is a suitable driver to direct Cre expression
exclusively to inhibitory neurons of laminae I‐IV.

4.4.2. Targeting of spinal Gbx1‐expressing neurons
4.4.2.1. Gbx1iCre mouse line generation
Functional manipulation of Gbx1 neurons can be achieved making use of Cre recombinase as a molecular
switch to drive expression of effectors, such as designer receptors. These receptors, in turn, can then be
targeted to control neuronal activity specifically in this specific cell population. We therefore generated a
knock‐in mouse line expressing improved Cre (iCre) specifically in Gbx1‐expressing cells. A targeting vector
was generated containing an IRES‐iCre‐NeoR cassette inserted into 3’ untranslated region (UTR) of the
Gbx1 gene (Fig. 4.S1, 4.S2). The targeting vector was linearized using the restriction enzyme PacI and
handed over to the Institute of Laboratory Animal Sciences (LTK) for electroporation into JM8N4
embryonic stem (ES) cells (C57BL/6NTac). Subsequently, 288 clones were picked and expanded under
neomycin selection. The clones were screened for correct recombination using Southern Blotting. An
internal probe was designed to bind to a sequence in the 3’ homology arm and an external probe to bind
to a sequence upstream of the 5’ homology arm (Fig. 4.3A). These probes were used in combination with
restriction enzymes producing fragments of different size in the wildtype (wt) and knock‐in locus (Fig.
4.3A, Ba and Bb). A subset of clones with the correct pattern of bands identified in this first set of Southern
Blots was amplified and then screened again to verify correct integration of the insert. Clone IIA11 was
chosen for blastocyst injection (albino‐C57Bl/6; B6/J‐TyrC) and gave rise to two male chimeras. These
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were bred to albino‐Bl/6 females (Townsend et al., 1981). All offspring as well as subsequent generations
were analyzed for the presence of the iCre insert and/ or wt allele by PCR as necessary (Fig. 4.3Ca). As
expected, half of the offspring with black fur were positively genotyped for the iCre insert and
subsequently crossed with the Flp‐deleter strain (ACTB::FLPe; Rodriguez et al., 2000) to excise the
neomycin resistance cassette. Excision was confirmed by PCR (Fig. 4.3Cb).

Fig. 4.3 Generation of Gbx1iCre mouse line. A) Schematic showing (top) the wt Gbx1 locus, (middle) the Gbx1‐iCre‐NeoR locus after
insertion of an IRES‐iCre‐NeoR cassette into the 3’ untranslated region (UTR) and (bottom) the final mutant Gbx1‐iCre locus after
Flp‐mediated excision of the neomycin resistance gene (NeoR). The probes, the restriction sites and the wt and mutant fragments
detected in each Southern blot in B are depicted in corresponding colors (green and blue). The PCR fragments of the genotyping
PCRs in C are depicted in purple. B) Southern blots showing three ESC clones (IIA11, IIB4 and IIE7) with the correct wt and mutant
bands as well as other clones with incorrect/ missing bands. Clone IIA11 was used for blastocyst injection generating the chimeric
founder for the Gbx1iCre mouse line. Ba) Southern Blot with hybridization of an internal probe in the 3’ homology arm after digestion
with BglII. Bb) Southern Blot with hybridization of an external probe after digestion with EcoRI. C) Genotyping PCRs for Ca) the wt
and iCre alleles in a homozygous mutant, a heterozygous and a homozygous wt animal and for Cb) the iCre‐Neo allele in an animal
after and one before Flp‐mediated excision of the neomycin resistance gene as well as in a wt animal.

4.4.2.2. Expression of tdTomato in the Gbx1iCre; R26Tom reporter mouse line
Cre recombinase specifically catalyzes recombination between two loxP recognition sites. To examine the
iCre‐mediated recombination in the Gbx1iCre mouse line, the line was crossed to the R26Tom reporter
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mouse line (Madisen et al., 2010). In this reporter line, recombination results in the excision of a STOP
cassette preceding the gene coding for tdTomato. This leads to tdTomato expression in all descendants
of the Cre‐expressing cells, representing a lineage tracing.

Fig. 4.4 Expression of tdTomato in inhibitory and excitatory neurons as well as glia in the Gbx1iCre R26Tom mouse line. A)
Representative image of a spinal cord hemisection of a Gbx1iCre R26Tom reporter mouse. Expression of tdTomato is obvious in the
dorsal horn, where Gbx1‐immunopositive neurons are localized, but also in deeper layers as well as in the white matter. B) In the
dorsal horn, some tdTomato‐positive cells were immunoreactive for Gbx1 (arrowheads), whereas others were not (arrows). C) IHC
revealed that some tdTomato‐positive cells expressed the inhibitory marker Pax2 (arrowheads), but others expressed the excitatory
marker Lmx1b (arrows). D) Some tdTomato‐positive cells were also immunopositive for the neuronal marker NeuN (arrowheads),
others were for the glial marker GFAP (arrows). Scale bars: 50 µm.

Cell bodies labeled by tdTomato were not only detected in the dorsal horn, to which immunostaining for
Gbx1 was restricted, but also in deeper layers and in the white matter of the spinal cord (Fig. 4A). Within
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the dorsal horn, we found tdTomato‐positive cells also immunopositive for Gbx1 as well as tdTomato‐
positive cells negative for Gbx1 (Fig. 4.4B). To assess whether tdTomato+ cells were all inhibitory or also
included excitatory cells, IHC for Pax2 and Lmx1b was performed. Both, tdTomato+ cells colabeled for Pax2
and tdTomato+ cells colabeled for Lmx1b were found (Fig. 4.4C). This indicates that the Gbx1 lineage of
spinal cord neurons includes both inhibitory and excitatory cells. The morphology and localization of some
tdTomato‐positive cells suggested that they could be glial cells. Therefore, IHC for the glial marker Glial
fibrillary acidic protein (GFAP) together with the neuronal marker NeuN was performed. Both, tdTomato‐
GFAP‐colabeled as well as tdTomato‐NeuN‐colabeled cells were present (Fig. 4.4D), indicating that Gbx1
is also expressed in the lineage of spinal glia. Taken together, our results suggest that Gbx1 expression in
the adult mouse spinal cord is restricted to a subpopulation of inhibitory neurons in the dorsal horn,
whereas during development it is also transiently expressed in precursors of excitatory neurons and glial
cells.

4.4.2.3. Viral targeting of Gbx1 cells with the flex‐eGFP system
To unravel the function of the inhibitory Gbx1‐expressing neurons, a strategy was necessary to specifically
target the inhibitory neurons expressing Gbx1 in the adult animal and avoid the transiently expressing
cells developing into excitatory neurons and glial cells. A viral targeting approach was employed using
recombinant adeno associated virus (AAV) and the Cre‐dependent flip‐excision (FLEX) switch system
(Atasoy et al., 2008). In a first step, an eGFP reporter was chosen to visualize the targeting efficiency and
specificity. To express eGFP in a Cre‐dependent manner, a recombinant AAV vector of serotype 1 with a
flex.eGFP expression cassette under the control of a CAG promoter (Fig. 4.5A) was used. The virus was
injected unilaterally into the spinal cord of Gbx1iCre mice. Cre‐mediated recombination leads to irreversible
inversion of the sequence flanked by two sets of mutually exclusive loxP sites and reporter expression can
then be observed at the injection site. In the spinal cord, we found eGFP expression in the dorsal horn,
where Gbx1‐positive cells are located, predominantly on the side ipsilateral to the injection site (Fig. 4.5B).
Using IHC, we found detectable eGFP expression in 74.2 ± 5.4% of the Gbx1‐immunopositive cells and
detectable Gbx1 expression in 86.4 ± 0.7% of the eGFP‐positive cells (Fig. 4.5C), while no obvious
colocalization between Lmx1b and eGFP‐positive cell bodies was observed (Fig. 4.5D). Thus, using this
approach, we were able to specifically target the large majority of Gbx1‐positive cells in the dorsal horn
and avoid the excitatory cells generated from a Gbx1‐expressing precursor population.
Unexpectedly, when inspecting the dorsal root ganglia (DRGs), we also found eGFP in some primary
afferent neurons. To characterize which types of DRG neurons expressed eGFP, IHC for markers of
different subclasses was performed. The eGFP‐positive cells included calcitonin gene‐related peptide
(CGRP)‐positive peptidergic, isolectin B4 (IB4)‐binding non‐peptidergic and neurofilament (NF) 200‐
positive myelinated primary afferent neurons (Fig. 4.5F‐H, J). Among the CGRP+, IB4+ and NF200+ DRG
neurons, 10.0 ± 1.3, 3.5 ± 1.4% and 4.5 ± 2.1% were eGFP‐positive, respectively. No colocalization of eGFP
and tyrosine hydroxylase (TH), a marker for C‐low threshold mechanoreceptors (C‐LTMRs) was found (Fig.

110 > GBX1 NEURONS IN SIA

4.5I‐J). Thus, this viral approach not only targets the majority of spinal Gbx1 neurons, but also a small
subset of primary afferent neurons that includes nociceptive neurons. Nevertheless, in the spinal cord
Gbx1‐expressing interneurons could be targeted with high specificity.

Fig. 4.5 Targeting of Gbx1‐expressing neurons in the adult animal using intraspinal injection of rAAVs. A) Schematic showing the
genome of the Cre‐dependent eGFP‐expressing rAAV used in this experiment. B) Representative image of a spinal cord transection
of an adult Gbx1iCre animal unilaterally injected with AAV.flex.eGFP into the spinal cord. The dashed line indicates the outline of the
grey matter. C, D) Immunohistochemistry for eGFP and a combination of Gbx1 and NeuN or of Pax2 and Lmx1b in the dorsal horn
as indicated. E) Quantifications revealed that most Gbx1‐immunoreactive cells were transduced and the majority of eGFP‐positive
cells were Gbx1‐immunoreactive. In contrast, No obvious colocalization between Lmx1b‐immunoreactive and eGFP‐positive cells
was found. F‐I) Immunohistochemistry for eGFP and the respective marker in the dorsal root ganglion DRG as indicated. J)
Quantifications revealed that a small percentage of CGRP‐ and NF200‐immunoreactive and IB4‐labelled, but no TH‐immunoreactive
primary sensory neurons were transduced. Arrows indicate examples of double‐positive cells. Scale bars: 50 µm, error: ± SEM.

4.4.3. Functional characterization of spinal Gbx1 neurons using DREADDs
Next, we set out to do a functional characterization of spinal Gbx1 neurons by specific manipulation of
their activity in combination with behavioral tests assessing the animals’ pain sensitivities. Yet, the viral
targeting experiment indicated that transduction of primary afferent neurons could pose a confounding
factor to this approach. In order to identify viral tools that reduced retrograde transduction of areas
connected to the injection site we have benefitted from a comparative study that had assessed the effect
of different AAV serotypes and promoters on transduction efficiencies after intraspinal injection
(Haenraets et al., 2017). In this study, we had found that although all serotypes were capable of retrograde
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transduction of DRG neurons, hSyn1 promoter can be used to minimize transgene expression in
retrogradely connected areas, while maintaining high levels of transgene expression in neurons at the
injection site. For the following functional experiments, we used this promoter to drive expression of
designer receptors exclusively activated by designer drugs (DREADDs) in spinal Gbx1‐expressing spinal
neurons. As the name implies, these receptors were designed to be exclusively activated by a synthetic
ligand, clozapine‐N‐oxide (CNO), thus enabling specific pharmacogenetic manipulation of the target cell
activity (Alexander et al., 2009, Armbruster et al., 2007).
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4.4.3.1. Gbx1‐expressing neurons in acute pain

In a first set of experiments, we assessed the role of Gbx1 neurons in acute pain. The inhibitory Gi‐coupled
DREADD hM4D or the activating Gq‐coupled hM3D were expressed in Gbx1+ neurons and noxious cold,
hot and mechanical stimuli were tested. For each experiment, baseline measurements were taken before
unilateral intraspinal injection of the Cre‐dependent AAV into Gbx1iCre mice and before intraperitoneal
injection of clozapine‐N‐oxide (CNO). Sensitivities were assessed for the next 5 hours as well as on a
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subsequent day (Fig. 4.6A). The injected AAVs were again of the FLEX system design, but with the hSyn1
promoter to drive expression of the DREADD‐mCherry fusion proteins specifically at the site of injection
(Fig. 4.6B‐C). Inhibition of spinal Gbx1 neurons with hM4D(Gi) did not change reactions to noxious thermal
or mechanical stimuli (Fig. 4.6D, F, G, I, J and L). In contrast, activation of Gbx1 neurons with hM3D(Gq)
markedly decreased sensitivities to acute noxious stimuli. In the cold test and the Hargreaves test, in
which a cold or a hot stimulus is applied to the hindpaw of the animal, the CNO‐injected animals had
significantly increased paw withdrawal latencies compared to the vehicle‐injected control animals (Fig.
4.6E, F, H and I). In the pin prick test, the CNO‐injected group also responded less to this acute noxious
mechanical stimulus than the control group (Fig. 4.6K and L). For statistics, see figure legend. Thus, while
inhibition of spinal Gbx1 cells had no effect, activation had an analgesic effect on both, thermal and
mechanical modalities.

4.4.3.2. Gbx1‐expressing neurons in other sensory modalities
We also tested innocuous mechanical stimuli (von Frey and light touch, Fig. 4.S2 A‐F) and found that
excitation of spinal Gbx1 cells could cause a decrease in sensitivity, whereas inhibition of spinal Gbx1 cells
could cause an increase in sensitivity. These results indicate a role for spinal Gbx1 neurons in processing
innocuous mechanical stimuli. With both DREADDs, there was no difference between the CNO‐ and the
vehicle‐injected group in the rotarod test for motor coordination (Fig. 4.S2 G‐I). As an internal control, the
paws contralateral to the injection site were stimulated in all thermal and mechanicals tests. Inhibition or
activation of spinal Gbx1 neurons had little to no effect on contralateral paws in the thermal tests and no
effect in all mechanical tests (Fig. 4.S3). In addition, we investigated the role of spinal Gbx1 neurons in

Fig. 4.6 Reduced sensitivity to acute noxious stimuli by DREADD‐mediated activation of Gbx1‐expressing neurons, but lack of
effect of inhibition on responses to noxious stimuli. A) Baseline sensitivities were assessed before intraspinal injection of the Cre‐
dependent DREADD‐expressing rAAV and before intraperitoneal injection of CNO or vehicle. Sensitivities were then tested for five
hours after injection of CNO or vehicle and on one of the following days. B) Schematic showing the genome of the Cre‐dependent
DREADD‐expressing rAAVs used in this experiment. C) Representative image of a spinal cord transection of an adult Gbx1iCre animal
unilaterally injected with AAV.flex.DREADD‐mCherry into the spinal cord. Scale bar: 100 µm. D, G, J) DREADD‐mediated inhibition of
Gbx1 neurons did not change PWLs (paw withdrawal latencies) to acute noxious thermal stimulation or responses to acute noxious
mechanical stimulation. 2‐way MIXED ANOVA revealed no significant treatment x time interaction D) F(2.90,31.91) = 2.25, p = 0.103,
G) F(7,77) = 1.21, p = 0.309, J) F(7,77) = 0.47, p = 0.852 nor a treatment effect D) F(1,11) = 1.19, p = 0.299, G) F(1,11) = 0.040, p =
0.846, J) F(1,11) = 0.160, p = 0.697. E, H, K) Acute antinociceptive effects of DREADD‐mediated activation of Gbx1 neurons. 2‐way
MIXED ANOVA revealed significant treatment x time interaction E) F(1.58,15.75) = 21.95, p < 0.001, H) F(7,70) = 2.52, p = 0.023, K)
F(7,70) = 2.30, p = 0.036. Post hoc comparisons showed significant differences between treatments as indicated by the stars in the
respective graphs. F, I, L) Areas under the curves of the graphs in D, E, G, H, J, K), calculated for time points BL2 to 5h, relative to
BL2. Unpaired 2‐tailed t‐tests confirmed the ANOVAs, except for the hM4D cold experiment, for which the t‐test was significant,
although the ANOVA was not. BL = baseline, N = 7 for hM4D CNO group and N = 6 for all other groups in all experiments, error: ±
SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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chemical itch by intradermal injection of chloroquine to induce non‐histaminergic itch or histamine in
AAV.flex.DREADD‐injected Gbx1iCre animals (Fig. 4.S4A). In the hM4D(Gi) experiment, there was no
significant difference between CNO‐ and vehicle‐injected animals (Fig. 4.S4 B, D, E and G). However, in
line with the experiments with acute noxious stimulation, in the hM3D experiment, the group of CNO‐
injected animals spent significantly less time licking or biting the affected hindleg than the vehicle‐injected
control animals (Fig. 4.S4 C, D, F and G). For statistics, see figure legend. Therefore, activation of spinal
Gbx1 neurons could not only relieve acute pain, but also acute chemical itch.

4.4.4. Spinal Gbx1 neurons are essential for stress‐induced analgesia
While activation of spinal Gbx1 neurons had a strong analgesic effect, inhibition of the same neurons had
little to no effect. We therefore hypothesized that under resting conditions Gbx1 neurons could be silent
and only recruited by descending input from the brain to mediate analgesia under certain conditions. A
model in which descending systems suppress the sensation of sensory input is stress‐induced analgesia
(SIA). In SIA, a short‐lasting decreased sensitivity to acute noxious stimuli can be observed (Fig. 4.7A‐C).
To first determine how SIA could be most robustly evoked, we assessed two different stressors (swim and
restrains stress) in four different sensory tests. Compared to baseline, five minutes of forced swimming in
20° C water caused a significant analgesic effect in all sensory tests (Fig. 4.7D). Restraining for 30 minutes
only caused a significant analgesic effect in the Hargreaves test, but not in the hot plate, cold and pin prick
test (Fig. 4.7D). On these grounds, we decided to use the forced swim stress for subsequent experiments.
To investigate the role of spinal Gbx1 neurons in SIA, we tested the effect of swim stress on the response
to acute noxious thermal and mechanical stimuli in combination with DREADD‐mediated inhibition of
spinal Gbx1 neurons. If Gbx1 neurons are recruited in SIA to mediate the analgesic effect, analgesia should
be attenuated, when Gbx1 neurons are inhibited. Animals were injected with AAV.flex.hM4D(Gi) one to
two weeks before baseline measurement of sensitivities and CNO or vehicle injections. Two hours later,
the animals were forced to swim and acute noxious stimuli were applied five to 10 minutes afterwards
(Fig. 4.7E). To control for effects of clozapine converted from CNO on endogenous receptors (Gomez et
al., 2017), we included a wildtype (wt) control group injected with the same virus and CNO. In the cold
test, for both control groups (the vehicle‐injected Gbx1iCre group and the wt CNO‐injected group) a
significant analgesic effect was observed after swim stress compared to baseline. In contrast, the Gbx1iCre
CNO‐injected group was not significantly different from baseline. Moreover, they significantly differed
from the Gbx1iCre vehicle control group after swim stress (Fig. 4.7F). Along these lines, similar effects were
observed for the Hargreaves test (Fig. 4.7G). Because no significant difference was observed between the
two control groups, we conclude that the lack of SIA in the Gbx1iCre CNO group was not due to effects of
clozapine on endogenous receptors. Thus, inhibition of Gbx1 cells largely prevented swim SIA for acute
noxious cold and hot stimuli. In the pin prick test, SIA was observed in the control groups and a lack of SIA
was in the Gbx1iCre CNO group, but statistical tests did not show significant differences. In conclusion,
spinal Gbx1 neurons are essential for the stress‐induced analgesic effect on the sensation of acute noxious
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Fig. 4.7 Absence of stress‐induced analgesia after inhibition of spinal Gbx1 neurons. A‐C) Induction of a short‐lived analgesic effect
on acute thermal and mechanical stimulation after exposure to swim stress. D) Swim stress caused a more robust analgesic effect
than restraint stress. Responses to acute noxious stimulation were assessed before and five to ten minutes after stress exposure.
Unpaired 2‐tailed t‐tests revealed significant differences to baseline (BL) in all four tests for the swim stress experiments, but only
in the Hargreaves test for the restraint stress experiments. The left y‐axis shows the scale for the hot plate, Hargreaves and cold
test, whereas the right y‐axis shows the scale for pin prick test. For clarity, only the baselines of the swim stress group are shown. N
= 5‐7 animals per group. E) Schematic showing the timeline of the experiments in F‐H). Three groups of animals were injected with
AAV.flex.hM4D(Gi). Two groups consisted of iCre‐positive animals. One to two weeks later, the animals of these were injected with
CNO (Gbx1iCre CNO group, N = 8) or vehicle (Gbx1iCre vehicle control group, N = 7). The animals of the third group were wildtype
littermates injected with CNO (wt CNO control group, N = 4). The sensitivity to noxious thermal and mechanical stimuli was assessed
before the injection of CNO or vehicle and after exposure to swim stress. Baselines of all three groups are shown together. F, G)
Ipsilateral to the injection site, stress‐induced analgesia was observed in the two control groups, but not when Gbx1 neurons were
inhibited (Gbx1iCre CNO group). F) For the cold test, 2‐way MIXED ANOVA revealed significant treatment x time interaction (F(2,16)
= 4.84, p = 0.023) and a simple main effect for the post‐stress time point (p = 0.042). G) For the Hargreaves test, 2‐way MIXED ANOVA
revealed significant treatment x time interaction (F(2,16) = 10.27, p = 0.001) and a simple main effect for the BL (p = 0.012) and post‐
stress time point (p = 0.014). Post hoc comparisons for F and G) showed significant differences to BL for each group as indicated by
* and between individual groups for the post‐stress time point as indicated by #. H) In the pin prick test, the control groups showed
a 27% and 38% reduction in response compared to baseline, whereas the Gbx1iCre CNO group even showed a slight (12%) increase.
However, 2‐way MIXED ANOVA revealed no significant treatment x time interaction (F(2,16) = 1.33, p = 0.293), nor a significant
group effect (F(2,16) = 2.34, p = 0.123). (For additional time points in each groups, see Fig. S5.) Error: ± SEM, * and # p ≤ 0.05, ** and
## p ≤ 0.01, *** p ≤ 0.001.
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thermal and likely also of acute noxious mechanical stimuli. These results substantiate the hypothesis that
Gbx1 neurons are silent under resting conditions and only recruited by the brain to mediate analgesia
under certain conditions, namely stress‐induced analgesia.

4.4.5. Tracing and targeting of supraspinal input onto spinal Gbx1 neurons
A number of brain areas and neurotransmitter systems have been implicated in descending pain control
and SIA in particular. We therefore set out to elucidate how spinal Gbx1 neurons are embedded in this
circuit. Specifically, to address how Gbx1 neurons are controlled, we sought to map which brain areas
supply input to spinal Gbx1 neurons and what the nature of this input is.

4.4.5.1. Identification of supraspinal areas supplying input onto spinal Gbx1 neurons using
monosynaptic rabies tracing
In a first step, monosynaptic rabies tracing (Wickersham et al., 2007) from spinal Gbx1 neurons was
performed. This method was employed to specifically label spinal Gbx1‐expressing cells and the cells
presynaptic to spinal Gbx1 cells. For this aim, the helper virus AAV.flex.TVA.RG and the G‐deleted rabies
EnvA‐pseudotyped rabies virus EnvA.RV.dG.eGFP were injected intraspinally into Gbx1iCre mice (Fig. 4.8A).
The brains of the animals were then screened for eGFP‐positive cells to identify brain areas supplying
input onto spinal Gbx1 cells. Besides cells in the sensorimotor cortex (Fig. 4.8Ba, Bb), the large majority of
cells were observed in the brainstem, especially in the hindbrain. We therefore quantified the number of
eGFP‐labeled cells per area in the caudal half of the brain (Fig. 4.8C). In the midbrain, 76 of the total 514
eGFP‐labeled cells (15%) were found, 84% of these in the red nucleus (Fig. 4.8Da, Db). A similar fraction
of cells (14%) was located in several areas of the pons. Notably, the majority of eGFP‐labeled cells (71%)
were found in the medulla. Among those, about 17% were located in the dorsal medulla and 83% were
located in the ventral medulla (Fig. 4.8Ea, Eb). Therefore, the data suggest that the area supplying by far
the strongest input to spinal Gbx1 neurons is the ventral medulla.

Fig. 4.8 Identification of supraspinal areas supplying input onto spinal Gbx1 neurons using monosynaptic rabies tracing. A) EnvA‐
pseudotyped G‐deleted rabies virus containing an eGFP expression cassette as well as an AAV helper virus were injected intraspinally
into Gbx1iCre mice. The helper virus contains a Cre‐dependent expression cassette to yield TVA and receptor rabies G protein (RG)
expression in Cre+ neurons. Subsequently, rabies virus can infect these neurons specifically and can retrogradely label
monosynaptically connected neurons. Reference atlas images were adapted from the Allen Mouse Brain Atlas (Allen Institute for
Brain Science, 2004, available from: http://mouse.brain‐map.org). CTX, cerebral cortex; GRN, gigantocellular reticular nucleus; HPF,
hippocampal formation; HY, hypothalamus; MARN, magnocellular reticular nucleus; MB, midbrain; MOp, primary motor area; MY,
medulla; PGRN, paragigantocellular reticular nucleus; PPY, parapyramidal nucleus; RM, nucleus raphe magnus; RN, red nucleus;
RPA, nucleus raphe pallidus; SSp‐ll, primary somatosensory area, lower limb; TH thalamus. Scale bars: 200 µm.
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4.4.5.2. Characterization of the cellular identity of brainstem neurons supplying input onto spinal
Gbx1 neurons
Next, the traced neurons in the brainstem were analyzed for their neurotransmitter phenotype using IHC
and multiplex FISH for a number of markers. Hardly any serotonergic input onto spinal Gbx1 cells could
be traced. Only one serotonin (5‐HT)‐immunopositive cell and no tryptophan hydroxylase (TPH) 2‐
immunopositive cells were found among the eGFP‐labeled cells (Fig. 4.9A, B, I). Similarly, no traced cell
was found immunopositive for the marker tyrosine hydroxylase (TH) of catecholaminergic cells or for the
marker for cholinergic neurons acetyltransferase (ChAT, Fig. 4.9C, D, I). In contrast, multiplex FISH
revealed that all of the analyzed eGFP‐positive cells were either positive for the marker of glutamatergic
neurons vesicular glutamate transporter (vGluT) 2 (28%) or the marker of inhibitory neurons vesicular
inhibitory amino acid transporter (VIAAT, 72%, Fig. 4.9E, F, I). While all of the labeled cells with excitatory
neurotransmitter phenotype were located ventrally, a smaller subset of 32% of the labeled cells with
inhibitory neurotransmitter phenotype were located dorsally (Fig. 4.9F). To further dissect the inhibitory
cells projecting onto spinal Gbx1 cells, additional multiplex FISH for the GABAergic markers glutamic acid
decarboxylase (GAD) 1 and 2 and the glycinergic marker glycine transporter (GlyT) 2 were performed (Fig.
4.9G, H). The respective markers were found in 59%, 70% and 49% of eGFP‐labeled cells (Fig. 4.9I), with a
high degree of colocalization between the coanalyzed markers (GAD1 + GAD2 and GlyT2 + GAD2). The
majority of each of the markers was located ventrally (78 ‐ 81%). In conclusion, no traced serotonergic,
catecholaminergic or cholinergic neurons were found. Among the traced cells, the majority was inhibitory
(72%) and expressing the GABAergic marker GAD2 (70%) and many of these also expressed GAD1 or the
glycinergic marker GlyT2. The remaining 28% were of excitatory neurotransmitter phenotype. In
summary, while we found some evidence of input by glutamatergic cells, the majority of traced input onto
spinal Gbx1 neurons was supplied by inhibitory (GABA‐ and glycinergic) RVM neurons.

Fig. 4.9 Spinal Gbx1 neurons are targets of descending inhibition from the ventral medulla. A‐D) IHC and E‐H) multiplex FISH for
several neuronal markers of different neurotransmitter phenotypes. Arrowheads indicate examples of eGFP‐labeled cells negative,
arrows examples positive for the respective marker. I) Quantification of the percentage of eGFP‐labeled cells that expressed the
respective marker. A‐D, I) In the hindbrain, IHC revealed that the large majority of eGFP‐labeled cells presynaptic to spinal Gbx1
neurons were not serotonergic and none were catecholaminergic or cholinergic. IHC for eGFP and A) serotonin (5‐HT), B) Tryptophan
hydroxylase (TPH) 2, another marker for serotonergic neurons, C) tyrosine hydroxylase (TH), a marker for catecholaminergic neurons
and D) choline acetyltransferase (ChAT), a marker for cholinergic neurons. E‐I) Multiplex FISH for markers of excitatory and inhibitory
neurons revealed that about one third of eGFP‐labeled cells in the hindbrain was excitatory, while about two thirds were inhibitory.
Example of an eGFP‐labeled cell positive for E) the excitatory marker vesicular glutamate transporter (vGluT) 2, F) the inhibitory
marker vesicular inhibitory amino acid transporter (VIAAT) G) the GABAergic markers glutamic acid decarboxylase (GAD) 1 and 2,
and I) GAD2 and the glycinergic marker glycine transporter (GlyT) 2. I) Only one cell was 5‐HT‐positive; none were TPH2‐, TH‐ or
ChAT‐positive. Twenty‐eight percent of eGFP‐labeled cells were excitatory (vGluT2+), all of these were found in the ventral hindbrain.
The remaining 72% of eGFP‐labeled cells were inhibitory (VIAAT+) and located predominantly in the ventral hindbrain. The GABAergic
markers GAD1 and GAD2 and the glycinergic marker GlyT2 were found in 59%, 70% and 49% of eGFP‐labeled cells, respectively.
Scale bars: 50 µm. J) The RVM of Gbx1iCre VIAATDre R26d.STOP‐tdTom mice were injected with AAV1.ChR2‐YFP. Targeted whole cell
recordings of tdTomato‐positive neurons in laminae I‐II of the lumbar spinal cord revealed light‐evoked synaptic responses (upper
trace), that were dampened by bicuculline (Bic, middle trace) and abolished by bicuculline and strychnine (Stry, lower trace),
indicating strong GABA/glycinergic input from the RVM onto spinal Gbx1 neurons. Traces of individual cells are displayed; each trace
is an average of the final 10 sweeps of each condition.
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To investigate the properties of the synaptic connection between the RVM and spinal Gbx1 interneurons,
an AAV expressing ChR2‐YFP was injected into the RVM, and light‐evoked synaptic responses were
characterized in tdTomato‐expressing cells of the inhibitory Gbx1 lineage by targeted whole‐cell
recordings (see methods). The light‐evoked currents were of large amplitude (range 0.50 ‐ 2.94 nA,
average 1.57 nA), and peaked <15 ms following each stimulation. These currents were reduced by the
application of bicuculline, and were completely blocked by the application of both bicuculline and
strychnine (Fig. 4.9J). Consistent with the retrograde rabies tracing of predominantly inhibitory RVM
neurons, the electrophysiological data indicates that there is a strong inhibitory connection from the RVM
to inhibitory Gbx1 interneurons, and this includes both GABAergic and glycinergic components.

4.4.5.3. Targeting of cells of different neurotransmitter phenotypes in the ventral medulla
Finally, we aimed at determining which of the identified neuronal populations might be responsible for
the recruitment of spinal Gbx1 neurons in SIA. According to the previous results, GABAergic, glycinergic
and glutamatergic cells were promising candidates. In addition, we also included serotonergic cells in
these experiments. Surprisingly, although serotonin is believed to be one of the key players in in
descending pain modulation mediated by the RVM, we hardly found any labeled serotonergic cells in the
previous tracing experiment. It was shown that rabies labeling can be biased against certain cell types
(Albisetti et al., 2017) and we found little published evidence of tracing of serotonergic input using this
rabies strain. Therefore, all four of these cell populations in the rostral ventromedial medulla were
manipulated. AAVs with the flex.DREADD cassettes were injected into the rostral ventromedial medulla
(RVM) of Cre‐expressing mouse lines: GAD65Cre (Taniguchi et al., 2011) to target the GAD2‐expressing
GABAergic cells, GlyT2::Cre (Foster et al., 2015) to target glycinergic cells, vGluT2Cre (Vong et al., 2011) to
target glutamatergic cells and TPH2::Cre (Gong et al., 2007, Gong et al., 2003) mice to target serotonergic
cells. DREADD‐mediated inhibition or activation of these cells led to inconclusive data. There was either
no change in sensitivities to acute noxious stimuli or the animals displayed a hyper‐ or hypoactive
phenotype, impeding the measurements (data not shown). Using direct injection of Cre‐dependent
DREADD viruses into the brainstem, not only spinally projecting, but potentially all RVM neurons of each
neurotransmitter neuron type were targeted. Therefore, a more specific approach to unravel the nature
of the RVM neurons controlling spinal Gbx1 neurons was needed.

4.4.5.4. Intersectional targeting of different populations of descending RVM neurons
To avoid effects unrelated to the SIA phenotype and increase specificity, only the spinally projecting RVM
neurons of each neurotransmitter neuron type were targeted. An intersectional targeting strategy using
two types of AAV and two recombinases was employed. AAV serotype 2 capsid variant rAAV2retro with
improved retrograde functionality was recently generated by molecular evolution (Tervo et al., 2016).
After intraspinal injection, we found it to be more than 20‐fold more efficient in transducing descending
supraspinal neurons than any of the other tested serotypes (Haenraets et al., 2017). Here, we have
injected it intraspinally to drive expression of the recombinase Dre (Anastassiadis et al., 2009) specifically
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in descending supraspinal neurons. The second recombinase Cre is expressed in the specific cell type that
is to be targeted in the respective mouse line (as above). The gene coding for the effector protein is
delivered by a second AAV that is injected into the RVM (Fig. 4.10A). The design of the CON/DON construct
was based on the INTRSECT system developed by Fenno et al. (2014) and enables effector protein
expression only upon recombination by both recombinases. We decided to first investigate how many
cells could be targeted in the different mouse lines using eGFP as an effector protein (Fig. 4.10B). Similar
numbers of transduced neurons were found in GAD65Cre and TPH2::Cre mice, about 2.5 times as many
were found in GlyT2::Cre mice, and about four times as many in the vGluT2Cre mice (Fig. 4.10C‐G). As
expected, the majority of all cells was located in the ventral medulla. Two control groups were included
to test for the ability of Cre and Dre to also recombine the recognition sites of the other recombinase. In
the Dre‐negative control group only the CON/DON virus was injected into vGluT2Cre mice. Compared to the
vGluT2Cre animals injected with both viruses, there was a five‐fold reduction in the number of cells
counted (Fig.4. 10G). Due to the difference in contrast between cells with low eGFP levels to cells with
high expression in the double‐injected animals compared to the dark background in the control animals,
the reduction is likely to be even larger. Nevertheless, the data demonstrates that Cre‐mediated
recombination of rox sites can occur in this experimental approach. On the other hand, almost no
transduced neurons were found in the Cre‐negative control group (Fig. 4.10G) indicating negligible
recombination of loxP sites by Dre. In conclusion, targeting of descending RVM projections was possible
for each of the cell types and offers an effective strategy for future studies.
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Fig. 4.10 Tracing of Excitatory, inhibitory and serotonergic medullary input to the spinal dorsal horn using AAV2retro.Dre and
AAV.CON/DON.eGFP in respective Cre‐expressing mouse lines. A) AAV2retro.Dre was injected intraspinally and AAV1.CON/DON.eGFP
into the rostral ventromedial medulla of different Cre mouse lines. B) Schematic showing the genome of the eGFP‐expressing rAAV
used in this experiment. To yield correct orientation of the coding sequence, both Cre‐mediated recombination of loxP sites (blue)
and Dre‐mediated recombination of rox sites (red) are necessary to invert exon2 (E2) and the full insert, respectively. Remaining
loxP and rox sites within the introns are spliced out to yield functional eGFP expression. C‐F) Example images of coronal sections of
the medulla of the respective mouse lines. G) Quantification of the average number of eGFP‐labeled cells in every sixth section per
mouse found in the respective mouse lines. In the GAD65Cre mouse line, 90.00 ± 10.42 presumably GABAergic eGFP‐labeled cells
were counted. In the GlyT2::Cre mouse line, 212.67 ± 60.02 presumably glycinergic eGFP‐labeled cells were found. In the TPH2::Cre
mouse line, 79.80 ± 39.66 presumably serotonergic eGFP‐labeled cells and in the vGluT2Cre mouse line, 403.00 ± 74.31 presumably
glutamatergic cells were counted. Dre‐negative (Dre‐) controls (vGluT2Cre animals only injected with AAV1.CON/DON.eGFP) had 79.00
± 32.19 cells per animal and Cre‐negative controls (wt animals injected with both viruses) had 6.00 ± 6.00 cells per animal. Scale
bars: 500 µm, error: ± SEM.
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4.5. Discussion
In this study, we used virally delivered DREADDs in combination with a newly generated Gbx1iCre knockin
mouse line to elucidate the function of Gbx1‐expressing spinal dorsal horn neurons. We characterized
Gbx1 neurons in the spinal cord as an exclusively inhibitory subpopulation of interneurons. Activation of
Gbx1 neurons reduced responses to noxious heat, cold and mechanical stimuli, while surprisingly,
inhibition had little effect. Furthermore, we demonstrated that spinal Gbx1 neurons are crucial for stress‐
induced analgesia to both mechanical and thermal stimuli. Rabies‐based monosynaptic tracing revealed
that Gbx1 neurons are targets of descending excitatory and inhibitory brainstem projections. However,
under certain, for example stress conditions, they are recruited to mediate analgesia not only to
mechanical, but also thermal stimuli. We propose that the RVM controls stress‐induced analgesia to
mechanical and thermal stimuli via this direct circuit onto spinal Gbx1 neurons.

4.5.1. Gbx1‐expressing spinal interneurons in sensory processing under basal
conditions
According to the gate control theory of pain, inhibition in the spinal cord serves as a gate to control
nociceptive signal propagation (Melzack and Wall, 1965). In line with this concept, previous studies
addressing the function of inhibitory interneuron populations have found a loss of function to lead to
increased sensitivity to sensory stimulation or even spontaneous nocifensive behaviors. Conversely, gain
of function rather lead to reduced sensitivity to sensory stimulation (for example Foster et al., 2015,
Petitjean et al., 2015, Cui et al., 2016). The affected modalities and strength of phenotype varied between
different target populations.

4.5.1.1. The function of Gbx1 neurons in mechanical pain and mechanical allodynia
In a previous study, we assessed the function of spinal glycinergic cells using an AAV‐based approach.
Bacterial toxin‐mediated ablation or silencing of glycinergic cells in the spinal dorsal horn lead to
exaggerated sensitivity to mechanical, heat and cold stimulation and strong spontaneous noci‐ and
prurifensive behaviors (Foster et al., 2015). Pharmacogenetic activation of glycinergic cells in turn resulted
in analgesia to acute noxious mechanical and thermal stimuli and alleviated neuropathic pain and
chemical itch. Here, we have manipulated a cell population that shows some overlap with the glycinergic
neurons of the deep dorsal horn, but is predominantly located in the superficial dorsal horn. Despite Gbx1‐
expressing neurons representing a large population of inhibitory interneurons (59 % of Pax2+ cells in the
dorsal horn), pharmacogenetic inhibition of Gbx1 neurons lead to a mild phenotype. Responses to acute
mechanical, heat and cold stimuli as well as chemical itch were virtually unchanged and only responses to
innocuous mechanical stimuli were increased. This was unlikely a quantitative effect due to the lower
number of manipulated glycinergic neurons in the Gbx1iCre mouse line, because dosing experiments in the
GlyT2::Cre mouse line had shown a phenotype, even when only half of the glycinergic neurons were
ablated (data unpublished). Therefore, the Gbx1‐negative subset of glycinergic cells might be the cells
responsible for the strong polymodal gating function of spinal glycinergic neurons. Cui et al. (2016)
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described a largely identical phenotype for the ablation and activation of early RET+ deep dorsal horn
neurons, but did not report any spontaneous itch phenotype. Early RET+ neurons make up about a third
of the deep dorsal horn inhibitory interneurons as well as of the GlyT2‐positive cells (Cui et al., 2016). The
deep dorsal horn inhibitory neurons are virtually all glycinergic (Foster et al., 2015). Therefore, early RET+
neurons likely represent a subset of deep dorsal horn glycinergic cells. The gating of mechanical and
thermal pain might thus be attributable to the early RET+ subset of glycinergic neurons whereas the gating
of itch might be due to the remaining cells. Gbx1 glycinergic cells could be part of this remaining group,
as we observed a spontaneous itch phenotype when ablating Gbx1 neurons (data not shown). Along these
lines, there was no overlap between early RET+ neurons and nNOS cells (Cui et al., 2016), whereas the
majority of inhibitory nNOS cells might be included in the Gbx1 neurons (see below). A partial overlap was
observed between early RET+ inhibitory neurons and Parvalbumin (PV) neurons (Cui et al., 2016), which
are a subset of glycinergic neurons (Petitjean et al., 2015, and unpublished data). PV cells were found to
prevent touch input from activating pain circuits, but were not involved in heat processing (Petitjean et
al., 2015). Similarly, Penk neurons were described to play a role on gating mechanical, but not heat pain
(Francois et al., 2017). Pharmacogenetic inhibition of inhibitory interneurons in vGATCre mice resulted in
reduced sensitivity to mechanical or thermal stimuli or nocifensive behaviors (Francois et al., 2017, Koga
et al., 2017). There seems to be limited overlap between the PV and Penk neurons (Huang et al., 2010)
suggesting the existence of two separate gates for mechanical pain. We found a partial overlap of both
populations with Gbx1 neurons, but the lack of a strong mechanical pain phenotype in Gbx1iCre‐inhibited
mice indicate redundant functions or Gbx1‐negative cells to act as a tonic mechanical pain gate.
Our results point to Gbx1 neurons having a role in innocuous mechanical processing. Activation of Gbx1
neurons lead to a reduced sensitivity to punctate (static) von Frey stimulation. Conversely, inhibition lead
to a mildly increased sensitivity to this punctate stimulus and an exaggerated response to light dynamic
stimulation. Ablation of inhibitory dynorphin lineage neurons resulted in a similar phenotype of
hypersensitivity to light mechanical static and dynamic stimulation (Duan et al., 2014). Inhibitory
dynorphin‐ and galanin‐expressing neurons in laminae I‐II are largely an identical population (Boyle et al.,
2017, Sardella et al., 2011a). We found the large majority of superficial dorsal horn galanin‐expressing
cells to be included in the population of Gbx1 neurons. This role in gating innocuous mechanical stimuli
might therefore well be attributable to the dynorphin/galanin‐expressing subset of Gbx1 neurons.
Nevertheless, the dynorphin lineage also contains the inhibitory subset of nNOS‐expressing cells, which
are located mainly ventral to galanin‐expressing cells (Chiang et al., 2016, Kardon et al., 2014, Ross et al.,
2010). In the rat, one third of nNOS cells is GABAergic (Sardella et al., 2011b). In the mouse, both excitatory
and inhibitory nNOS cells exist as well (Iwagaki et al., 2013). We found 25% of quantified nNOS cells to be
Gbx1‐positive. These nNOS Gbx1‐double positive cells might therefore represent the majority of inhibitory
nNOS cells. This gating of light touch information might therefore also be controlled by inhibitory nNOS
neurons.
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4.5.1.2. Gbx1 neurons in itch control
Inhibitory Galanin/dynorphin and nNOS neurons were found to constitute the B5‐I neurons, which are
dependent on the developmental expression of the transcription factor Bhlhb5. Our results indicate that
the majority of B5‐I neurons might be included in the Gbx1‐expressing neurons. Bhlhb5 knock out mice
develop a chronic itch phenotype (Ross et al., 2010). This phenotype was suggested to be due to
dynorphin depletion and the resulting loss of Kappa opioid receptor signaling (Kardon et al., 2014). We
observed a decrease in pruritogen‐evoked itch behavior, when Gbx1 neurons were activated, consistent
with the concept that B5‐I neurons can prevent itch. We did not observe any spontaneous itch behavior
or elevated response to pruritogens in mice in which Gbx1 neurons were temporarily inhibited using
pharmacogenetics. Similar to the effect after loss of B5‐I neurons, when we ablated Gbx1 neurons using
injection of diphtheria‐toxin fragment A‐expressing AAVs, we observed spontaneous itch behaviors
resulting in hair removal and skin lesions (data not shown). Thus, a chronic loss of B5‐I or Gbx1 neurons
lead to spontaneous itch‐like behaviors, whereas a temporary loss of function of Gbx1 neurons did not.
One explanation might be that other inhibitory neurons could compensate short‐term loss of inhibition
of B5‐I Gbx1 cells. A permanent loss of these neurons likely leads to network changes, which might then
cause chronic itch. The fact that Bhlhb5 mice only seem to develop lesions at early adult ages (Ross et al.,
2010) is in line with this hypothesis. Another possibility is that under basal conditions B5‐I Gbx1 neurons
are largely silent and that these cells are only recruited for itch‐relief under certain conditions similar to
the stress‐induced analgesia (SIA) to acute painful stimuli that we have reported here (for discussion of
SIA see below).
NPY‐expressing neurons constitute an inhibitory neuron population largely distinct from inhibitory PV,
nNOS, CR neurons and overlap to a small extent with Dyn/Gal neurons (Boyle et al., 2017, Smith et al.,
2015). Ablation of spinal and medullary NPY‐lineage cells resulted in a spontaneous itch phenotype similar
to the Bhlhb5 knockout mouse. In contrast to the Bhlhb5 knockout mouse, ablation and pharmacogenetic
silencing of NPY‐lineage cells did not result in increased chemical itch, but rather mechanical itch induced
by light mechanical stimuli, suggesting separate pathways for processing of chemical and mechanical itch
(Bourane et al., 2015). The authors did not report any spontaneous itch phenotype when NPY lineage cells
were inhibited, which is consistent with the absence of spontaneous itch behaviors after inhibition of
Gbx1 neurons. It is difficult to compare these populations though, as the NPY lineage includes a large
fraction of transiently expressing cells (65%) and NPY cells were only partially ablated (Bourane et al.,
2015).
Given these considerations, we propose that the tonic inhibition exerted by spinal inhibitory interneurons
to gate pain is largely provided by Gbx1‐negative cells. If Gbx1 neurons take part in this function, they play
a redundant role, which can be compensated by other cells. Inhibition of Gbx1 neurons only had an effect
on the response to light mechanical stimuli. Meanwhile glycinergic cells have repeatedly been shown to
play a role in processing mechanical stimuli. Therefore, we suggest deep dorsal horn glycinergic Gbx1
neurons to represent a gate for light mechanical stimuli. The more striking effects upon Gbx1 neuron
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function manipulation were observed in acute pain tests. To our knowledge, this is the first time that
activation of a population of spinal inhibitory neurons had effects on acute pain (and itch) whereas
inhibition of the same neurons did not. We therefore hypothesized that Gbx1 neurons could be targets of
descending pain control and only recruited in certain behavioral states.

4.5.2. Spinal Gbx1 neurons in stress‐induced analgesia
Descending pain control is active in various behavioral states. In situations of acute stress that might pose
a threat to the physical integrity or even to life, it can be evolutionarily beneficial to suppress the
transmission of noxious stimuli. Several different stressors can induce analgesia. We compared two
different stress paradigms to induce analgesia to acute noxious heat, cold and mechanical stimuli. We
found that forced swimming (5 min, 20° C) induced analgesia more robustly than restraint stress (30 min).
Subsequently, we tested our hypothesis that Gbx1 neurons could be targets of descending pain control
and only recruited in certain behavioral states such as stress induced‐analgesia. Using the inhibitory
DREADD hM4D to inhibit Gbx1 neurons in combination with swim stress, we could show that Gbx1
neurons are essential for stress‐induced analgesia. The synthetic DREADD ligand CNO can be converted
to clozapine, which is not inert, but could act on endogenous receptors and thus pose a confounding
factor to the results (Gomez et al., 2017). However, we were able to attribute the absence of stress‐
induced analgesia to the action on DREADDs expressed in Gbx1 neurons, since a wildtype CNO control
group displayed analgesia as did a vehicle‐treated control group. We conclude that Gbx1 neurons are
necessary for swim stress‐induced analgesia to noxious mechanical, heat and cold stimuli.

4.5.2.1. Tracing supraspinal input onto Gbx1 neurons
We used monosynaptic rabies tracing to map the areas and cell types providing direct descending control
to Gbx1 neurons. Rabies tracing occurs specifically in a retrograde direction in the CNS (for a review see
Callaway and Luo, 2015). Yet, anterograde transsynaptic spread from primary sensory starter neurons was
reported in neonatal mice (Zampieri et al., 2014). The EF1a‐driven helper virus we used for rabies tracing
might have transduced Cre‐expressing DRG neurons as we have shown for the CAG‐driven‐AAV. We
therefore cannot exclude anterograde transsynaptic spread from transduced DRG neurons. The number
of transduced DRG neurons was very low after intraspinal injection of AAVs, especially compared to the
large number of transduced spinal Gbx1 neurons. Therefore, even if anterograde or retrograde tracing of
brainstem neurons from DRG starter neurons occurred, the fraction of these cells among the retrogradely
traced neurons from spinal Gbx1 starter neurons is likely negligibly small.
Using spinal Gbx1iCre neurons as starter cells, we found the majority of retrogradely traced neurons
located in the ventral medulla, an area that is a well‐known player in descending pain control including in
stress‐induced analgesia. In this area, the majority of traced cells were inhibitory neurons, predominantly
GABAergic, but many also glycinergic. Accordingly, in targeted recordings of lamina I and II Gbx1 neurons
combined with optogenetic stimulation of descending projections from the RVM, we found monosynaptic
inhibitory connections onto spinal Gbx1 neurons. These findings are consistent with earlier studies using
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electrical stimulations, pharmacological interventions and classical tracings as well as with a recent study
that also employed rabies tracing to investigate descending inhibitory pathways from the RVM to the
spinal cord (Antal et al., 1996, Kato et al., 2006, Francois et al., 2017).
Although mainly inhibitory pathways from the RVM to the spinal cord have been described in the context
of analgesia, we cannot exclude excitatory connections to mediate stress‐induced analgesia. We found
evidence of glutamatergic neurons in the RVM presynaptic to spinal Gbx1 neurons. These neurons could
actively recruit Gbx1 neurons in stress‐induced analgesia. On the other hand, we were surprised to find
hardly any serotonergic traced cells. Serotonergic projections from the brainstem to the spinal cord have
long been described and serotonergic receptors have been suggested to increase spinal GABA release
(Bowker et al., 1981, Alhaider et al., 1991, Kawamata et al., 2003). Either Gbx1 neurons do not receive
serotonergic input from the RVM or we were unable to trace it for technical reasons. In line with the first,
Kato et al. (2006) did not find evidence for a role of serotonin on the spinal end of descending inhibitory
input from the RVM. On the other hand, we found little evidence for retrogradely traced serotonergic
neurons using rabies virus in the literature. Zhang et al. (2015) identified serotonergic cells among their
traced neurons in neonatal mice, but spread may be different in not yet fully developed circuits. In adult
mice, primary afferent subclasses were demonstrated to be resistant to retrograde rabies virus
transduction (Albisetti et al., 2017). Similarly, CNS neuron subtypes may be resistant to transduction.
Rabies may be transferred to the presynaptic neuron preferentially or selectively via classical synapses.
To our knowledge, the precise receptors mediating transsynaptic spread still have not been identified.
Therefore, serotonergic synapses might not provide the necessary molecular machinery and/or
architecture for transsynaptic rabies spread. For this reason, we decided to include serotonergic neurons
in our manipulations of descending RVM projections.

In summary, we have successfully generated a Gbx1iCre knock in mouse line to study the function of Gbx1
neurons in acute pain and descending pain control. Activation of Gbx1 neurons reduced responses to
noxious heat, cold and mechanical stimuli, while inhibition had little effect. We showed that Gbx1 are
direct targets of descending inhibitory projections from the ventral medulla, and that they are crucial for
stress‐induced analgesia to mechanical and thermal pain. To our knowledge, this is the first time that a
specific subpopulation of interneurons has been directly shown to be essential for stress‐induced
analgesia.
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4.8. Supplementary Figures

Fig. S1 Targeting vector for the generation of the Gbx1iCre mouse line. Vector name FINAL_Gbx1_IRES_iCre_Neo_pDTA, 19280 bp,
circular DNA.
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Fig. S2 A role for Gbx1‐expressing neurons in processing innocuous mechanical stimuli. Experiments were performed and analyzed
as in Fig. 5. A, C, D, F) Inhibition of Gbx1 neurons lead to increased sensitivity to innocuous mechanical stimulation (decreased PWL
and increased allodynia score), B, C, E, F) while activation of Gbx1 neurons lead to decreased sensitivity to innocuous mechanical
stimulation. A) For the hM4D von Frey experiment, 2‐way MIXED ANOVA revealed no significant treatment x time interaction
(F(7,77) = 1.86, p = 0.088), nor a significant treatment effect (F(1,11) = 2.89, p = 0.117), whereas visually a trend for a decreased paw
withdrawal threshold (PWT) can be seen that is supported by C) a significant difference in the t‐test for the area under the curve. B)
For the hM3D von Frey experiment, 2‐way MIXED ANOVA revealed a significant treatment x time interaction (F(7,70) = 4.69,
p<0.001) and post hoc comparisons showed significant differences between treatments at the indicated time points. C) Consistently,
there is significant difference between the areas under the curve for CNO and vehicle groups. D) For the hM4D light touch
experiment, 2‐way MIXED ANOVA revealed a significant treatment x time interaction (F(2.76,22.04) = 13.47, p<0.001). F) The effect
is confirmed by the analysis of the area under the curve. E) For the hM3D light touch experiment, 2‐way MIXED ANOVA revealed no
significant treatment x time interaction (F(7,70) = 1.54, p = 0.168) nor a significant treatment effect (F(1,10) = 4.26, p = 0.066),
whereas F) the area under the curve is significantly different. Since the difference is very small, it is likely biologically irrelevant. G,
H) Motor coordination in the rotarod test was not affected by inhibition or activation of Gbx1 cells. G) 2‐way MIXED ANOVA revealed
no significant treatment x time interaction (F(7,77) = 1.17, p = 0.332), nor a significant treatment effect (F(1,11) = 0.57, p = 0.466).
H) 2‐way MIXED ANOVA revealed a significant treatment x time interaction (F(7,70) = 2.88, p = 0.01), but there was a simple main
effect for both the CNO (p = 0.038) and the vehicle groups (p = 0.041) and post hoc tests revealed no significant differences between
the 2 groups for any of the 5 time points immediately after CNO/ vehicle injection. BL = baseline, hM4D CNO group N = 7 in von
Frey and rotarod test and N = 4 in light touch test, N = 6 for all other groups in all experiments, error: ± SEM, * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001.
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Fig. S3 Inhibition or Activation had little to no effect on sensitivity of contralateral paws in sensory tests. Experiments were
performed as in Fig. 5. A‐E) hM4D(Gi)‐mediated inhibition and F‐J) hM3D(Gq)‐mediated activation of Gbx1 neurons. For the cold
test, 2‐way MIXED ANOVAs revealed A) no significant treatment x time interaction (F(7,77) = 0.932, p = 0.487), but a significant
treatment effect (F(1,11) = 7.198, p = 0.021) and F) a significant treatment x time interaction (F(7,70) = 3.75, p = 0.002), but no
significant main effect for the vehicle (p = 0.384) nor the CNO group (p = 0.161). Nevertheless, the differences are very small, so that
they are likely biologically irrelevant. For the Hargreaves test, 2‐way MIXED ANOVAs revealed a significant treatment x time
interaction B) F(3.44,37.88) = 2.80, p = 0.046 and G) F(7,70) = 3.65, p = 0.002, but no significant main effect for either of the vehicle
groups nor for either of the CNO groups. Post hoc comparisons showed significant differences between groups as indicated. C‐E and
H‐J) No difference was found for the contralateral sides in the mechanical tests for both DREADD experiments. BL = baseline, hM4D
CNO group N = 4 in light touch test and N = 7 in all other tests, N = 6 for all other groups in all experiments, error: ± SEM, * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001.

137

Fig. S4 Reduced sensitivity to pruritogens by DREADD‐mediated activation of Gbx1‐expressing neurons but lack of effect of
inhibition on chemical itch. A) AAV.flex.hM4D(Gi) or AAV.flex.hM3D(Gq) were injected intraspinally (i.s.) for the respective
experiments. Baseline behavior was assessed before intraperitoneal (i.p.) injection of CNO or vehicle and immediately before
intradermal (i.d.) injection of chloroquine (CQ) or histamine (HA). The time spent licking/biting was also analyzed for the following
30 minutes. B, C, E, F) time spent licking or biting in the respective time bins. D, G) Total time spent licking and biting after intradermal
injection of the respective pruritogen. B, D, E, G) Inhibition of Gbx1 neurons had no effect on the time spent licking or biting after
intradermal injection of chloroquine or histamine. B, E) 2‐way MIXED ANOVA revealed no significant treatment x time interaction
for CQ (F(1.48,11.81) = 0.04, p = 0.923) nor HA (F(1.96,15.66) = 1.27), p = 0.309), nor a significant treatment effect for CQ (F(1,8) =
0.28, p = 0.609) nor HA (F(1,8) = 0.71, p = 0.424). D, G) Unpaired 2‐tailed t‐tests for the total time spent licking or biting confirm the
absence of a statistically significant effect. C, D, F, G) Activation of Gbx1 neurons reduced the time spent licking or biting after
intradermal injection of chloroquine or histamine. C) 2‐way MIXED ANOVA revealed a significant treatment x time interaction for
CQ (F(2.25,22.51) = 5.50, p = 0.009) and a significant main effect for the vehicle (p = 0.002) but not the CNO groups (p = 0.141). D)
This effect is reflected in the statistically significant difference in the total time spent licking or biting. F) 2‐way MIXED ANOVA
revealed a just significant treatment x time interaction for HA (F(1.17,7.03) = 5.37, p = 0.050) and a significant main effect for the
vehicle (p < 0.001) but not the CNO groups (p = 0.234). G) Even though the time spent licking or biting is almost reduced to 0, the
difference in total time is not significantly different. Post hoc comparisons showed significant differences between groups as
indicated in C) and F). N = 5 for all hM4D groups, N = 6 and N = 4 for both hM3D CQ and HA groups, respectively, error: ± SEM, * p ≤
0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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Fig. S5 Absence of stress‐induced analgesia after inhibition of spinal Gbx1 neurons. Additional data on the experiment shown in
Fig. 6. A) Timeline of the experiment. B‐H) Time course of the stress‐induced analgesia effect on acute noxious stimuli. B‐E) Response
to noxious stimuli applied to the paw ipsilateral to the injection site. In the Gbx1iCre CNO group, stress‐induced analgesia is absent,
whereas the two control groups show an analgesic response. F) For the cold test, inhibition of Gbx1‐cells appears to have a small
effect on SIA in the contralateral paw, whereas for the G) Hargreaves and H) pin prick test maintenance of stress‐induced analgesia
can be observed on the contralateral sides of all groups. Gbx1iCre CNO group N = 8, Gbx1iCre vehicle control group, N = 7, wt CNO
control group, N = 4, error: ± SEM, * and # p ≤ 0.05, ** and ## p ≤ 0.01, *** p ≤ 0.001.
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5.

GENERAL DISCUSSION AND FUTURE DIRECTIONS

The dorsal horn of the spinal cord is an important site for processing sensory information. Here, sensory
input from the periphery is processed by local interneurons as well as descending projections from the
brain. The large heterogeneity among interneurons likely reflects their diversity in function in processing
sensory information. In recent years, different functions are only starting to be attributed to subsets of
interneurons, which has been made possible by the development of an increasingly wide range of tools
to manipulate specific elements in this circuit. Viral vectors delivered intraspinally to the spinal cord
enable specific manipulation of neuron subpopulations with high temporal and spatial resolution. Here,
we have compared different AAV vectors in their transduction efficiency after intraspinal injection. We
then made use of the findings to manipulate specifically spinal Gbx1‐expressing neurons in a newly
generated Gbx1iCre mouse line. We found that while Gbx1 neurons only play a small role in processing
sensory input under basal conditions, they are critical for stress‐induced analgesia to mechanical and
thermal stimuli.

5.1. Intraspinally delivered AAV vectors to target specific neuron
populations
A large variety reporter and effector proteins have been developed, which enable labeling, monitoring
and manipulating specific interneuron subpopulations. Delivery of genes coding for these proteins by
intraspinal injection of AAV vectors is a technique that is increasingly used in pain research addressing
sensory processing in the spinal cord (Foster et al., 2015, Petitjean et al., 2015, Peirs et al., 2015, Cui et
al., 2016, Christensen et al., 2016, Francois et al., 2017).
In chapter 2, we have provided a protocol for intraspinal injection of viral vectors. This technique allows
targeting of neuron populations with high temporal and spatial precision. Different spinal interneuron
subpopulations have been identified based on the expression of specific marker genes. These marker
genes can be used to drive expression of recombinases as molecular switches in the neuron population
of interest. When injecting recombinase‐dependent AAVs into mice expressing the respective
recombinase in a specific interneuron population like Gbx1 neurons, one can combine the high temporal
and spatial precision of AAV injection with the genetic specificity provided by the recombinase driver
gene. Direct delivery of an AAV to the adult spinal cord largely avoids targeting of cells transiently
expressing the recombinase and of cells expressing the recombinase in other tissues and areas. However,
anatomically connected areas of the nervous system that provide synaptic input to the injection site can
be transduced through their spinal axon.
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5.1.1. The impact of AAV serotypes and promoters on targeting specificity
We found that Gbx1, like many other markers of spinal neuron subpopulations, is also expressed in
primary afferent neurons. These cells can be transduced via their central terminals after intraspinal
injection of AAVs (Haenraets et al., 2017). Concurrent manipulation of spinal and DRG neurons expressing
Gbx1 would have severely hampered the unambiguous functional characterization of spinal Gbx1+
neurons. In chapter 3, we have compared seven commonly used serotypes in their capacity for
transducing spinal neurons and projections from DRGs and supraspinal areas. While we found that all
serotypes were capable of retrograde transduction, the extent of transduction depended on the serotype
and viral titer, showing that careful titration of the viral load may help in reducing transduction of cells
projecting to the spinal cord. In addition, we found that driving expression from the hSyn‐promoter
instead of the strong CAG promoter markedly reduced transgene expression in distant sites, with high
expression levels maintained at the injection site. By selecting the hSyn promoter for driving hM3Dq and
hM4Di expression, we were thus able to restrict functional manipulation to the spinal Gbx1+ interneurons.
On the other hand, we found that by using the recently generated serotype AAV2retro (Tervo et al., 2016)
descending projection neurons, which may modulate spinal output, can be transduced with high
efficiency.
Another approach to limit transgene expression is intersectional genetics. Here expression of reporter or
effector proteins is dependent on the combinatorial expression of two marker genes therefore increasing
the genetic specificity of the targeting approach (Duan et al., 2014, Bourane et al., 2015, Cheng et al.,
2017). This approach, when combined with suitable reporter mice, avoids invasive surgery and reduces
variability in transgene expression, but careful selection of marker genes is critical to restrict expression
of effectors to the target cells. The combination of both, intersectional genetics and intraspinal delivery
of viral vectors offers a promising strategy for cells that cannot be targeted specifically enough using only
one of these approaches.
In summary, our findings highlight the importance of selecting a targeting strategy adapted to the specific
cell population and research question to be addressed. Using viral delivery of transgenes and/ or an
intersectional approach, cells expressing the marker in other tissues or at other stages of development
can be avoided. The choice of AAV serotype and titer influences how many cells projecting to the site of
injection will be transduced and the promoter can have an effect on transgene levels, especially at distant
sites.

5.2. Gbx1 neurons in sensory processing
In chapter 4, we applied our findings in a study addressing the function of spinal Gbx1 expressing neurons
in sensory processing. We used intraspinal injection of viral vectors (for most experiments) or an
intersectional strategy (for targeted recordings) to avoid targeting of cells with transient expression of
Gbx1. We selected the hSyn promoter for specific functional manipulation of Gbx1 neurons and used
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serotype AAV2retro in an intersectional strategy to target specific populations of spinally projecting RVM
neurons.

5.2.1. A role for Gbx1 neurons in processing innocuous mechanical stimuli
In this study, we delivered DREADDS by intraspinal injection to manipulate specifically Gbx1‐expressing
spinal neurons. Inhibition of Gbx1 neurons had no effect on reactions to most sensory stimuli, but
increased sensitivity to innocuous mechanical stimuli. Deep dorsal horn glycinergic neurons have been
shown to gate mechanical, but also thermal pain (Foster et al., 2015). We therefore propose that Gbx1+
deep dorsal horn glycinergic neurons could be responsible for preventing mechanical allodynia. Future
experiments employing intersectional genetics can test this hypothesis.

5.2.2. Gbx1 neurons in itch processing
Our molecular characterization of Gbx1 neurons indicated that the majority of BI‐5 neurons could be
included in the Gbx1 population. BI‐5 neurons have been established as key players in preventing chronic
itch, because Bhlhb5 knockout mice, which lack these neurons, develop a chronic itch phenotype (Ross et
al., 2010). In contrast, acute inhibition of Gbx1 neurons did not lead to a spontaneous itch phenotype,
whereas ablation of the same cells did. Activation of Gbx1 neurons on the other hand lead to reduced
responses to chemically evoked itch. Thus, Gbx1 neurons can suppress itch, but short‐term suppression
is not sufficient to elicit spontaneous itch. To our knowledge, all published studies implicating specific
inhibitory interneuron populations in itch, saw spontaneous itch behaviors after long‐term loss of function
(ablation or silencing) (Ross et al., 2010, Foster et al., 2015, Bourane et al., 2015). Together, these findings
indicate that network changes could be necessary for itch sensation in the absence of a stimulus. Future
studies will shed light on the circuit changes occurring in chronic itch conditions.

5.2.3. Gbx1 neurons are critical for stress‐induced analgesia
Inhibition of Gbx1 neurons had no effect on responses to acute noxious stimuli, while activation markedly
reduced reactions to such stimuli. We therefore hypothesized that Gbx1 neurons might be targets of
descending pain control and only recruited in certain behavioral states, such as during stress‐induced
analgesia. We tested this hypothesis by combining swim stress with DREADD‐mediated inhibition of Gbx1
neurons and found that stress‐induced analgesia to mechanical, heat and cold stimulation is absent when
Gbx1 neurons are inhibited. To our knowledge, this is the first time that a spinal interneuron population
has been directly shown to be necessary for stress‐induced analgesia.

5.2.3.1. Potential brain areas supplying descending control to spinal Gbx1 neurons
To address which brain areas might control the function of Gbx1+ interneurons, we used monosynaptic
rabies tracing. We identified supraspinal input onto Gbx1 neurons from multiple brain areas,
predominantly in the brainstem. We found labeled cells in sensorimotor cortex, red nucleus, in several
pontine regions and in the medulla. Several of these regions could be interesting targets to study
descending pain control.
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The detection of spinally projecting neurons in the sensorimotor cortex is in line with previous tracings of
such cells from the spinal cord, including projections to the lumbar spinal cord (Miller, 1987). Electrical
stimulation of sensory and motor cortex was reported to have analgesic effects in some patients and rats
(Tsubokawa et al., 1993, Canavero and Bonicalzi, 1995, Garcia‐Larrea et al., 1999, Nguyen et al., 1999,
Kuroda et al., 2001). Later, evidence for direct sensorimotor corticospinal modulation of dorsal horn
neuronal C‐fiber responses was presented (Rojas‐Piloni et al., 2010).
Rubrospinal projections have been described to terminate at the base of the dorsal horn and intermediate
regions of the ventral horn (Brown, 1974). Interneurons mediating presynaptic inhibition of primary
afferents have been suggested as targets, because primary afferent depolarization was detected after red
nucleus stimulation (Hongo et al., 1972). Although traditionally the red nucleus has mainly been
associated with motor functions, it has also been studied in neuropathic pain. An early study showed that
microinjection of glutamate into the red nucleus increased tail flick latency in rats, which was blocked by
lidocaine injected into the nucleus raphe magnus (Liu et al., 1991). Later, changed expression levels of
several cytokines were detected in the red nucleus after peripheral nerve injury and these cytokines were
shown have pro‐ or antinociceptive effects (Wang et al., 2015, Li et al., 2008, Wang et al., 2012).
Several pontine regions harbored neurons monosynaptically traced from spinal Gbx1 neurons.
Noradrenergic pontine nuclei supply direct input to the spinal cord and noradrenaline can have
bidirectional control of pain depending on the type of receptor on cell type targeted (Pertovaara, 2006,
Gassner et al., 2009). We could only found very sporadic labeled cells in noradrenergic nuclei, indicating
that noradrenaline might not have a crucial role in Gbx1 neuron‐mediated stress‐induced analgesia.
However, rabies tracing of input neurons might not be equally efficient for all cell types, as was shown to
be the case for primary afferents (Albisetti et al., 2017). Therefore, absence of rabies tracing should not
be interpreted as an absence of input, implying that we cannot exclude that noradrenergic nuclei
participate in directly controlling spinal Gbx1 neurons.
The same applies to serotonergic neurons. Although a large number of traced cells was found in the
ventral medulla, where serotonergic neurons are abundant, we could only identify one serotonergic
neuron among the labeled cells. Serotonergic pathways can have bidirectional influence on nociceptive
processing in the dorsal horn (Millan, 2002, Suzuki et al., 2004) and should consequently not be excluded
as potential input to spinal Gbx1 neurons.
In addition, we found traced inhibitory cells in various regions of the dorsal medulla. Some of these cells
may be located in the dorsal reticular nucleus, which has mainly been implicated in descending facilitation
(Martins and Tavares, 2017), indicating that they are unlikely to control Gbx1‐mediated stress‐induced
analgesia.
Nevertheless, the large majority of traced cells was located in the ventral medulla, a critical site for
descending pain control, suggesting that these cells could be important for controlling Gbx1‐neuron
mediated stress‐induced analgesia. Traditionally, descending projections from the RVM to the spinal cord
were considered excitatory. In line with that, we also found traced cells expressing the excitatory marker
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vGluT2. However, most of the traced medullary cells expressed inhibitory markers and targeted
recordings confirmed direct synaptic inhibitory connections from the RVM to spinal Gbx1 neurons.
GABAergic projections from the RVM to the spinal cord have been described several times and some
studies have implicated them in antinociception (Kato et al., 2006), including in a recent study that showed
mechanical hypo‐ and hypersensitivity after inhibition and excitation of these projections, respectively
(Francois et al., 2017).

5.3. Models of descending pain control
Descending pain control mediating analgesia could be supplied in several ways. 1) Descending inhibitory
projections could provide direct input to primary afferents by presynaptic inhibition, thereby reducing the
noxious signal arriving at the spinal cord. 2) Descending inhibitory cells could target projection neurons or
excitatory interneurons to dampen transmission of nociceptive signals. 3) Descending excitatory
projections could recruit spinal inhibitory interneurons to inhibit primary afferents or excitatory output.
4) Tonically active descending inhibition could be relieved resulting in an activation of inhibitory
interneurons that inhibit primary afferents or excitatory output.
In
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GABAergic/enkephalinergic neurons in the RVM to be presynaptic to nociceptive TRPV1‐expressing C‐
fibers. Ablation of GABAergic/enkephalinergic RVM neurons revealed an antinociceptive function to
mechanical and heat stimuli (Zhang et al., 2015). A recent study on spinal Penk neurons identified
inhibitory RVM input onto these cells (Francois et al., 2017). The authors suggest inhibitory RVM neurons
to facilitate mechanical nociception via the inhibitory subset of spinal Penk neurons, which would be in
support of model 4. Our data also support model 4. We showed the Gbx1‐expressing inhibitory
interneuron population to be essential for stress‐induced analgesia and we provided evidence of
functional connections from inhibitory RVM neurons to spinal Gbx1 neurons. Nevertheless, in line with
model 3, we also identified excitatory RVM neurons presynaptic to spinal Gbx1 neurons. Which model
holds true for Gbx1‐neuron mediated analgesia remains to be clarified.

5.4. Future directions
Future studies will investigate which medullary neurons control spinal Gbx1 neurons. These experiments
shall thus elucidate whether 4) a relief of descending inhibition or 3) an induction of descending
facilitation recruits Gbx1 neurons to mediate stress‐induced analgesia. To probe the function of the
identified descending inputs, we will target different populations of descending RVM neurons using
intersectional genetics and viral gene delivery for expression of pharmaco‐ and optogenetic effector
proteins. First, we will test whether activation or inhibition of selected RVM neuron populations has an
effect on baseline sensitivities to acute noxious stimuli and depending on the outcome, also on stress‐
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induced analgesia. The aim will be to identify a population of cells as the potential supplier of the SIA input
to the spinal Gbx1 neurons. In a next set of experiments, we will use spinal cord Optogenetics to
specifically activate or inhibit these descending cells to induce analgesia in combination with inhibition of
Gbx1 cells to counteract the effect. In a set of pilot experiments to establish spinal cord Optogenetics as
recently described (Christensen et al., 2016), we were able to induce analgesia successfully in vGAT::ChR2‐
eYFP mice (Zhao et al., 2011). As an alternative to spinal cord optogenetics to target spinal projections, a
DREADD variant for axonal silencing, hM4Dnrxn (Stachniak et al., 2014) or KORD, an inhibitory DREADD
variant activated by a different ligand (Vardy et al., 2015), might be employed.
Additional experiments will address the output of Gbx1 neurons using targeted recordings. Preliminary
data indicate that spinal Gbx1 neurons inhibit spino‐parabrachial projection neurons but also in small
fraction of recordings, presynaptic inhibition of primary afferents was detected. Therefore, Gbx1 neurons
seem to inhibit predominantly the output to supraspinal sites. However, rather than the input to the spinal
cord, suggesting a control beyond spinal reflexes.
In a third set of experiments, we will investigate the functions of deep dorsal horn Gbx1 neurons versus
superficial dorsal horn neurons. We hypothesize that deep Gbx1 neurons could be involved in processing
innocuous stimuli whereas the superficial neurons receiving descending inhibitory input from the RVM
could mediate stress‐induced analgesia. We will use intersectional genetics combined with viral‐delivery
of DREADDs to test this hypothesis.
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