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„Manchmal hat man eine sehr lange Straße vor sich. Man
denkt, die ist so schrecklich lang; das kann man niemals
schaffen, denkt man. Und dann fängt man an, sich zu eilen.
Und man eilt sich immer mehr. Jedes Mal, wenn man
aufblickt, sieht man, dass es gar nicht weniger wird, was
noch vor einem liegt.
Und man strengt sich noch mehr an, man kriegt es mit der
Angst zu tun und zum Schluss ist man ganz außer Puste und
kann nicht mehr. Und die Straße liegt immer noch vor einem.
So darf man es nicht machen. Man darf nie an die ganze
Straße auf einmal denken, verstehst du?
Man muss immer nur an den nächsten Schritt denken, an den
nächsten Atemzug, an den nächsten Besenstrich. Dann macht
es Freude; das ist wichtig, dann macht man seine Sache gut.
Und so soll es sein.
Auf einmal merkt man, dass man Schritt für Schritt die ganze
Straße gemacht hat. Man hat gar nicht gemerkt wie, und man
ist nicht außer Puste. Das ist wichtig.“
(Momo; Michael Ende)
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Thesis summary
Chronic pain is a major cause of disability worldwide and is defined as pain lasting longer than
two months and persisting after the initial source has vanished. Phenotypically, it is characterized
by an altered pain perception that includes hyperalgesia (abnormally increased sensitivity to a
painful stimulus), allodynia (an innocuous stimulus is perceived as painful) and spontaneous pain
occurring in the absence of any sensory stimulation. The generation and maintenance of these
responses is due to maladaptive peripheral and central changes, which include several features.
One widely accepted mechanism is the disinhibition of pain processing circuits of the spinal
dorsal horn. The loss of inhibition enables the input of low threshold mechanoreceptors (LTMs)
to engage and activate nociceptive pathways. However, to what extent dorsal horn interneurons
contribute to the modality specific somatosensory processing is only incompletely known. Both
the excitatory and inhibitory dorsal horn interneurons are extremely heterogeneous regarding their
distinct molecular markers, morphologies and firing patterns. Protein Kinase Cγ (PKCγ)
immunoreactive (IR) neurons are located at the border between lamina II and III and are under
tonic glycinergic inhibition, which is diminished under neuropathic pain states. The location of IR
PKCγ neurons suggests, they might receive primarily input from fibers carrying innocuous input.
Under neuropathic pain conditions the inhibition is reduced and innocuous stimuli are able to
activate pain specific pathways thus accounting for hyperalgesia and allodynia.
A critical role of the PKCγ enzyme in neuropathic pain has already been established by using
PKCγ deficient mice. However, the exact integration of PKCγ expressing interneurons in the
dorsal horn neuronal circuit and their role in sensory processing has remained elusive. First aim
of the thesis was to generate a PKCγiCre mouse line allowing the modulation of the activity, the
ablation and the elucidation of the connectivity of PKCγ expressing neurons. In the generated
PKCγiCre mouse line the expression of PKCγ was precisely analyzed by using a highly sensitive in
situ hybridization. Signals of PKCγ mRNA transcripts were found throughout the superficial
dorsal horn, but neurons with high number of transcript signals were located at the border of
laminae IIi and III, where also the strongly IR PKCγ positive neurons were found. However, the
number of PKCγ mRNA transcripts (97 ± 7) positive neurons outnumbered the IR PKCγ (17 ± 2)
by the factor 5.7. This finding was underpinned by the more abundant eGFP expression after
intraspinally injected viral vectors carrying a Cre dependent eGFP cassette. Here, only around 21
± 2% of eGFP labeled cells were PKCγ immunoreactive and only 53 ± 4% eGFP positive neurons
colocalized with Lmx1β a marker for excitatory interneurons. Interestingly, around 19 ± 1%
eGFP expressing neurons co-express Pax2, a marker of inhibitory interneurons. By using viral
vectors harboring a Cre dependent Diphtheria Toxin subunit A (flex.DTA) cassette, the PKCγ-Cre
expressing neurons were selectively and locally ablated. After ablation of PKCγ expressing
neurons, mice developed a significantly decreased response rate to non-nociceptive (brush) and
nociceptive (pinprick) mechanical stimuli compared to non-ablated control mice. Furthermore,
the ablated animals had a significantly increased latency to noxious cold, whereas the sensitivity
to heat (Hargreaves test) remained intact. After ablation of PKCγ neurons, mice did not develop
allodynia or hyperalgesia after a chronic constriction injury of the neuropathic pain.
An exclusively excitatory population of interneurons in the deeper dorsal horn is characterized by
the expression of the neuropeptide cholecystokinin (CCK). The most dorsally located CCK
neurons overlapped with the IR PKCγ neurons. Immunohistochemical analysis of double
transgenic CCKCre;Rosa26tdTomato mice revealed that the vast majority of IR PKCγ neurons were
9

coexpressed with reporter red fluorescent protein tdTomato and 27 ± 2% of all tdTomato positive
neurons were immunoreactive for PKCγ. In addition, two other distinct subsets of CCK
interneurons were revealed through the analysis of an additional marker. 29 ± 2% of the CCK
neurons expressed tdTomato but not c-Maf and PKCγ. A third population expressed the
transcription factor c-Maf (44 ± 2%) in tdTomato positive neurons. Only few CCK neurons
coexpressed PKCγ and c-Maf. To assess the role of CCK interneurons in somatosensory
processing, double transgenic CCKCre;Rosa26tdTomato mice were intraspinally injected with a viral
vector (AAV.flex.DTA), which led to a targeted ablation of CCK interneurons. These mice
became progressively insensitive to noxious cold between day 5 and 18 after virus injection.
TRPM8 – a cation channel activated by cold temperatures (8-30°C) and the cold-mimetic icilin –
is expressed in a distinct subpopulation of sensory neurons. To assess whether CCK interneurons
are receiving input from TRPM8 expressing fibers, CCK interneuron ablated mice received a
subcutaneous injection of icilin into the plantar surface of the paw corresponding to the injection
site. The CCK interneuron ablated animals exhibited a significant reduced response to icilin
compared to control injected animals. Taken together, these results demonstrate that CCK
neurons might be an important component in the cold sensing circuit.
In another project, I describe my contribution to the recently published work about spinal
glycinergic interneurons. In GlyT2::Cre mice, the local ablation of glycinergic neurons by viral
vectors harboring a flex.DTA cassette induced a robust neuropathic pain model. The resulting
neurophatic pain proved to be irresponsive to morphine and gabapentin, drugs with known
efficacy against many other neuropathic pain syndromes. By using a Cre dependent Designer
Receptor Exclusively Activated by Designer Drug (DREADD, flex.hM3Dq-mCherry), the role of
activated glycinergic neurons could be studied in normal and neuropathic conditions. The
activation of glycinergic neurons by these receptors produced a significant reversal of neuropathic
pain sensitization. This result demonstrated that inhibitory interneurons retain their inhibitory
capability also in neuropathic disease states. Further, the activation of glycinergic neurons in
naïve mice led to a desensitization to noxious mechanical, cold and thermal stimuli.

Taken together this thesis demonstrated that the combination of viral vectors, Cre dependent
expression cassettes and various Cre mouse lines allows the analysis of genetically defined
neuronal population in the spinal somatosensory processing.
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Zusammenfassung
Chronische Schmerzen sind eine der Hauptursachen für Invalidität weltweit. Schmerz gilt als
chronisch, wenn er anhält, auch nachdem die eigentliche Ursache verschwunden ist und der
Schmerz somit keine biologische Funktion mehr erfüllt. Der zugrundeliegende Mechanismus ist
gekennzeichnet durch eine veränderte Schmerzwahrnehmung verschiedener Reize: Hyperalgesie
(übermässige Reaktion und erhöhte Schmerzempfindlichkeit auf einen normalerweise
schmerzhaften Reiz), Allodynie (Schmerzempfinden auf Reize, die üblicherweise keine
Schmerzen auslösen) und spontaner Schmerz ohne dass eine Berührung oder Stimulation
stattgefunden hat. Der Generierung und Erhaltung dieser Reaktionen liegt eine fehlerhafte
Anpassung an periphere und zentrale Veränderungen zugrunde. Eine bedeutende Rolle spielt
dabei die Enthemmung schmerzspezifischer Schaltkreise im spinalen Hinterhorn. Dieser
Hemmungsverlust auf zellulärer Ebene erlaubt den Zugang von niederschwellig aktivierten
Mechanorezeptoren zu nozizeptiven Nervenbahnen. Es ist jedoch unklar in welchem Ausmass
die Interneuronen im Hinterhorn in einer modalitätenspezifischen somatosensorischen
Prozessierung involviert sind. Inhibitorische und exzitatorische Interneuronen im Hinterhorn sind
sehr heterogen in Bezug auf molekulare Marker, Morphologien und Feuerungsmustern.
Immunoreaktive PKCγ-Neurone findet man vor allem an der ventralen Grenze von Lamina II und
III und stehen im Normalfall unter tonischer glyzinerger Hemmung, die in einem chronischen
Schmerzzustand jedoch vermindert ist. Aufgrund der Lage dieser immunoreaktiven PKCγNeuronen kann vermutet werden, dass sie vor allem Informationen von Fasern bekommen, die
harmlose Reize transportieren. In einem chronischen Schmerzzustand findet eine Verminderung
der Hemmung statt, was dann zu einer Aktivierung von schmerzleitenden Bahnen durch harmlose
Reize führt und schlussendlich als Hyperalgesie, Allodynie oder spontaner Schmerz
wahrgenommen wird.
Den PKCγ-exprimierenden Neuronen ist, aufgrund der Analyse von Mausmutanten mit
fehlendem PKCγ-Protein, bereits eine wichtige Rolle in neuropathischen Schmerzen
zugesprochen worden. Jedoch ist die genaue Einbindung dieser Neuronen in die Schaltkreise des
Hinterhorns, sowie ihre Rolle in der sensorischen Prozessierung bis dato unklar. Ziel dieser
Arbeit war es, zwei Mauslinien zu generieren, welche die spezifische Ablation, aber auch
Modulation der neuronalen Aktivität ermöglichen sollen. Zudem sollte die Analyse der
Konnektivität dieser PKCγ-exprimierenden Neuronen in die Schaltkreise möglich sein. In der
generierten PKCγiCre Mauslinie wurde die Expression von PKCγ mithilfe einer hochsensitiven in
situ-Hybridisierung untersucht. Signale von PKCγ-mRNA-Transkripten wurden im gesamten
superfizialen Hinterhorn gefunden. Neurone mit einer hohen Anzahl an Transkripten waren vor
allem an der Grenze von Laminae II und III lokalisiert, dort wo auch die PKCγ-immunoreaktiven
Neuronen gefunden wurden. Dabei wurden 5.7-mal mehr Neurone positiv für PKCγ-mRNATranskripte (97 ± 7) als positiv für PKCγ-Immunoreaktivität (17 ± 2) gefunden. Dieser Befund
wurde unterstützt durch die Tatsache, dass nach intraspinaler Injektion eines Virus mit einer Creabhängigen eGFP-Kassette, in deutlich mehr Neuronen eGFP exprimiert wurden als PKCγImmunoreaktivität festgestellt wurde. Nur etwa 21 ± 2% der eGFP-positiven Zellen waren auch
immunoreaktiv für PKCγ. Gut die Hälfte der eGFP-markierten Neuronen war positiv für den
exzitatorischen Marker Lmx1β, während 19 ± 1% der Neuronen inhibitorisch (Pax2-positiv)
waren. Mithilfe eines viralen Vektors, der die Cre-abhängige Diphterietoxin Fragment-A
Kassette trägt, wurden die PKCγ-exprimierenden Neuronen selektiv und lokal ablatiert. Die
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Mäuse mit ablatierten PKCγ Neuronen entwickelten – verglichen mit den Kontrolltieren - eine
signifikante Reduktion der Reaktionsrate auf nicht-nozizeptive (Pinsel) und nozizeptive
mechanische Reize (Nadelstiche). Ausserdem hatten die Tiere nach Ablation der PKCγNeuronen eine signifikant erhöhte Reaktionszeit auf Kältereiz, während die Sensitivität für
Wärme (Hargreaves Test) intakt blieb. Ein Neuropathie-Modell (Chronic Constriction Injury;
CCI) führte nur bei den Kontrolltieren zu Hyperalgesie und Allodynie.
In dieser Arbeit wurde zudem eine ausschliesslich exzitatorische Gruppe von Interneuronen im
tieferen Hinterhorn analysiert, die charakterisiert ist durch die Expression des Neuropeptids
Cholecystokinin (CCK). Die am weitesten dorsal gelegenen CCK-Interneuronen überlappen mit
den immunoreaktiven PKCγ-Neuronen. Die immunohistochemische Analyse von doppelt
transgenen CCKCre;Rosa26tdTomato-Mäusen zeigte, dass die grosse Mehrheit der immunoreaktiven
PKCγ-Neuronen mit dem roten Fluoreszenzprotein (tdTomato) des Reporters kolokalisieren,
während 27 ± 2% aller tdTomato-positiven Neuronen auch immunoreaktiv für PKCγ sind.
Zudem wurden bei der Analyse von zusätzlichen Markern, zwei weitere unterschiedliche Gruppen
gefunden. Erstens waren etwa 29 ± 2% nur tdTomato-positiv und zweitens exprimierten etwa 44
± 2% der tdTomato-positiven Neuronen zusätzlichen den Transkriptionsfaktor c-Maf. Um die
Rolle der CCK-Interneuronen in der somatosensorischen Prozessierung abschätzen zu können,
wurden die doppelt transgenen Mäuse mit einem viralen Vektor, der das Cre-abhängige
Diphtherietoxin Fragment-A trägt, intraspinal injiziert. Diese Mäuse entwickelten nach 5 Tagen
eine Desensibilisierung auf Kältereiz, die sich bis 18 Tage nach der Operation noch weiter
intensivierte. Der Kationenkanal (TRPM8), der durch kalte Temperaturen (8 bis 30 °C) und dem
Agonist Iclin aktiviert wird, findet man auf einer spezifischen Gruppe von sensorischen
Afferenzen. Um zu testen, ob CCK-Interneuronen Signale von TRPM8-exprimierenden Fasern
erhalten, wurde der TRPM8-Agonist Icilin subkutan in die Unterseite der Hinterpfote injiziert.
Tatsächlich verbrachten die ablatierten Mäuse im Vergleich mit den Kontrolltieren signifikant
weniger Zeit mit Lecken und Beissen der injizierten Pfote. Zusammenfassend kann man sagen,
dass die CCK-Interneuronen eine wichtige Komponente im Schaltkreis für die
Kältewahrnehmung spielen können.
In einem weiteren Kapitel beschreibe ich meine Beteiligung an einer kürzlich publizierten Studie
über spinale glyzinerge Interneurone. In GlyT2::Cre-Mäusen führte die lokale Ablation von
glyzinergen Neuronen zu einem sehr stabilen neuropathischen Schmerzmodel. Analgetika wie
Morphium, Gabapentin, HZ-166 und Muscimol, die als effiziente Behandlungsmöglichkeiten von
neuropathischen Schmerzzuständen beschrieben werden, wurden in diesem Schmerzmodel
getestet. Jedoch führte keiner der Wirkstoffe zu einem signifikanten analgetischen Effekt. Um
die Eigenschaften der glyzinergen Neuronen in einem neuropathischen Schmerzzustand zu
untersuchen, wurden GlyT2::Cre-Mäuse intraspinal mit einem viralen Vektor injiziert, der den
Cre-abhängigen Designer Receptor Exclusively Activated by Designer Drug (DREADD)
transportiert. In naïven Mäusen hatte die Aktivierung des Rezeptors eine Desensibilisierung auf
Wärme- und Kältereize sowie auf schädliche mechanische Reize zur Folge. Die Aktivierung der
glyzinergen Neuronen durch den Rezeptor in Mäusen mit neuropathischen Schmerzen führte zu
einer signifikanten Reduktion des neuropathischen Schmerzzustandes. Dieses Resultat zeigte,
dass die inhibitorischen Neuronen auch unter neuropathischen Bedingungen ihre inhibitorischen
Eigenschaften beibehalten.
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Die vorliegende Arbeit zeigt, dass die Kombination von viralen Vektoren, Cre-abhängigen
Expressionskassetten und verschiedener Cre-Mauslinien die Analyse von genetisch definierten
neuronalen Populationen in spinalen somatosensorischen Prozessen ermöglicht.
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Introduction

History of pain
In 1664 René Descartes proposed a new theory about pain. He compared the human body with a
machine, and described pain as a disturbance, which travels along a fine thread to a valve in the
brain. Upon activity the valve opened and allowed animal spirits to flow into muscles leading to
avoidance behavior of the body. This theory moved the perception of pain away from spiritual
and mystical experiences and rendered the searching for an appeasement for God unnecessary
(Fig. 1). Around 300 years later, the International Association for the Study of Pain (IASP)
defined pain as “an unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such damage”.

Fig. 1: Illustration of René Descartes’ pain pathway from
Traite de l’Homme 1664. The long fiber (C) transmits a
signal generated by particles of heat (A) that activate a part
of skin (B). The signal is conveyed to a valve in the brain
(de) where it opens the valve and allows the animal spirits
to flow out from a cavity (F). This eventually causes the
muscles to flinch from the stimulus and induces protective
behavior (Melzack and Wall, 1965).

Acute versus persistent pain
The mammalian body is able to detect and interpret a variety of bodily sensations such as thermal
and mechanical stimuli, as well as endogenous and environmental potential harmful chemical
irritants. Acute pain serves an important biological function as an alarm system of potential tissue
damage. Congenital abnormalites have been described to render people incapable of detecting
painful stimuli. These persons are unable to feel the heat of a fire and the cutting or stabbing by a
knife. As a result, no protective behavior is performed to make the discomfort ceasing. Thus
normally curable diseases can become life threatening (Cox et al., 2006).
However, if pain is felt longer than needed to exert a protective function, it may turn
dysfunctional and useless (Breivik et al., 2006). To a certain extent, prolonged pain can be seen
as an extension of the normal healing process. After tissue or nerve injury, the extensive guarding
of the affected tissue is desired. For example sunburn renders the skin hypersensitive, thus light
touch or innocuous warm water leads to a painful experience (allodynia). In addition painful
stimuli are perceived as more painful than under normal conditions (hyperalgesia) (Sandkühler,
2009). In the worst case this hypersensitivity does not dissipate but becomes chronic. Often
people suffering from arthritis, postherpetic neuralgia or bone cancer experience intense and often
unremitting pain (Backonja, 2012). The prognosis of neuropathic pain syndromes is very poor
and an optimal pain therapy is often difficult to establish. Many analgesic drugs such as NSAIDs
were demonstrated to be unusable to efficiently tread chronic pain (Dworkin et al., 2007). To
elucidate the mechanisms underlying the development and maintenance of neuropathic pain
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syndromes, the understanding of pain sensation under normal conditions is crucial (Julius and
Basbaum, 2001, Zeilhofer et al., 2012, Braz et al., 2014).

Anatomy
Primary afferent fibers – Nociceptive and non-nociceptive inputs to the
dorsal horn
The somatosensory system is capable of recognizing and interpreting a plethora of tactile stimuli.
The primary afferent fibers are activated in the periphery and the signal is conducted as an action
potential in a transganglionic manner to the dorsal horn of the spinal cord or the trigeminal
nucleus. The cell bodies of these fibers are all located in the dorsal root ganglion (DRG) or
trigeminal ganglion (TG) and extend from there a peripheral branch innervating their target organ,
while a central branch innervates the spinal cord. The TG contains almost all sensory neurons of
the trigeminal nerve, which is the principal sensory nerve of the head by innervating most of the
face (Purves, 2012). Likewise, the DRG contains cell bodies of primary afferent fibers carrying
somatosensory information from the periphery. There are various classes of primary afferent
fibers, responsible for conveying distinct sensory information to the spinal cord. Innocuous
sensations such as pleasant touch, pressure and proprioceptive information are conveyed by largediameter, myelinated Aβ fibers and a population of unmyelinated low-threshold
mechanoreceptors (C-LTMRs). Aβ primary afferents have a low mechanical threshold and
exhibit a conduction velocity of 30 –70 m/s. In the spinal cord they mainly terminate in laminae
III and deeper. Likewise, the C-LTMRSs terminate in the ventral part of lamina II. They are
marked by the expression of VGLUT3, a vesicular glutamate transporter (Seal et al., 2009), and
by the expression of the tyrosine hydroxylase (TH) (Li et al., 2011). In addition a subset of
myelinated Aδ fibers also transmits innocuous mechanical inputs (Fig. 2C).

High threshold fibers are only activated upon intense thermal, mechanical, or chemical stimuli
and are called nociceptors. If the stimuli reach the noxious range, the receptors and/or channel are
activated and the stimulus is transduced in electrical activity. The peripheral endings harbor
specific receptors or ion channels, which are sensitive to heat, mechanical stimuli, protons and
cold (Fig. 2A). For instance, transient receptor potential (TRP) V1 is expressed in the majority of
heat-sensitive nociceptors (Caterina et al., 1997). Among DRG neurons of TRPV1 deficient mice
a subpopulation of neurons was implicated being strongly activated by noxious heat (Lawson et
al., 2008). Further TRPV2, 3 and 4 have been described to detect stimulus intensities flanking
those of TRPV1, including both very hot (>50°C) and warm (mid-30°C) temperatures (Lumpkin
and Caterina, 2007). Two TRP channels are activated by cold. TRPM8 is activated by the natural
ligand menthol, the sythetic agonist icilin and innocuous cooling (<30°C) (Peier et al., 2002,
Knowlton et al., 2013). Mice lacking TRPM8 exhibit severe behavioral deficits in response to
cold stimuli, however, display normal nociceptive-like responses to noxious subzero temperatures
(Dhaka et al., 2007). This temperature range is detected by TRPA1 (Ankyrin family) channels,
which are activated by noxious cold (<17°C), icilin and by a variety of chemical irritants (Story et
al., 2003, Bandell et al., 2004, Jordt et al., 2004). However, two different TRPA1 KO mouse
18
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lines showed contrary results to noxious cold (0°C) stimuli (Bautista et al., 2006, Kwan et al.,
2006).
Two major classes of nociceptors have been classified according the following characteristics:
conduction velocity and sensitivity as well as threshold to noxious mechanical, heat and cold. Aδ
primary afferent fibers are of medium diameter and thinly myelinated. They convey welllocalized “first” or fast pain. In this fiber type the action potentials propagate 5-30 m/s to the
spinal cord. C-fibers nocicepors respond to stimuli which have strong intensities. They account
for the majority of the nociceptors and have small diameter unmyelinated axons. The signal is
conveyed with slow conduction velocities of 0.4-1.4 m/s and transmits pain that is perceived to be
in deeper tissue and spread out over an unspecific area of the skin (Dubin and Patapoutian, 2010).
Nociceptive C fibers can be further subdivided into peptidergic and nonpeptidergic populations.
The most widely recognized marker for peptidergic C fibers are calcitonin gene-related peptide
(CGRP) and the neuropeptide substance P. The nonpeptidergic C fibers are anatomically defined
by binding the Griffonia simplicifolia isolectin B4 (IB4) and express MrgprD (Wang and Zylka,
2009) and PAP (Prostatic acid phosphatase) (Snider and McMahon, 1998, Dong et al., 2001,
Julius and Basbaum, 2001, Zylka et al., 2008, Cavanaugh et al., 2009). The peptidergic and
nonpeptidergic fibers can also be distinguished regarding their target site in the dorsal horn of the
spinal cord. The peptidergic C-fibers terminate most superficial in laminae I and outer II,
whereas the nonpeptidergic C-fibers terminate in inner lamina II but not overlapping with
VGLUT3+ fibers (Seal et al., 2009). The ablation of CGRPα-expressing sensory neurons resulted
in reduced sensitivity to noxious heat, capsaicin and itch, whereas stimuli associated with
nonpeptidergic sensory neurons remained intact. However, the ablation let to an increased
behavioral response to cold stimuli yet without altering peripheral nerve responses to cooling. In
line with this finding was the observation that CGRP positive sensory neurons do not coexpress
TRPM8. McCoy et al. therefore proposed a central disinhibition mechanism, which leads to an
enhanced cold sensitivity (McCoy et al., 2012, McCoy et al., 2013, McCoy and Zylka, 2014).
The high-affinitiy NGF receptor TrkA is strongly expressed on nociceptive neurons accounting
for the substantial effect of NGF on these nociceptors (Fang et al., 2005). Only recently, a new
unbiased classification system of primary sensory afferents based on single cell mRNA
expression analysis was published. The authors proposed 11 groups of sensory neuron types on
the basis of unique expression patterns of molecular markers in each group. NF1 to NF5 are
myelinated proprioceptors and LTMRs, NP1 to NP3 are unmylinated nonpeptidergic fibers, PEP1
and PEP2 are two types of peptidergic fibers, whereas in the TH group unmyelinated C-LTMRs
are found (Usoskin et al., 2015). However, whether a direct behavioral phenotype is associated
with the distinct groups of sensory neuron types remains elusive.

Dorsal horn interneurons
Primary sensory neurons target second order neurons in the dorsal horn of the spinal cord and the
trigeminal nucleus. Upon activation, the primary sensory neurons release the excitatory
neurotransmitter L-glutamate into the synaptic cleft formed by primary sensory neurons and
second order neurons. The Swedish neuroscientist Bror Rexed identified in the early 1950s a
system of ten distinct layers of the grey matter (Rexed, 1952). Laminae I to IV are relating to
exteroceptive sensation and comprise the dorsal horn whereas proprioceptive sensations are
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comprised of laminae V and VI (Fig. 2C). Laminae VIII – IX are the ventral horn which contains
among intercommissural, interneurons and motor neurons whose axons mainly innervate skeletal
muscle. Around the central canal, area X is located which is described to receive input from
visceral fibers (Cervero and Connell, 1984).
Lamina I is the most superficial layer of the dorsal horn of the spinal cord. It is very thin and only
a few cell diameters thick. Cells located in lamina I respond mainly to noxious and thermal
stimuli. They are excitatory and inhibitory interneurons and projection neurons, which are
responsible to transmit information to supraspinal levels. Lamina II is tightly packed with
excitatory and inhibitory interneurons. This layer is also called substantia gelatinosa due to its
transparent appearance as a consequence of innervation by unmyelinated fibers only. Lamina III
and IV receive predominantly input from innocuous Aβ and Aδ fibers. There are also projection
neurons responding to both nonnociceptive and nociceptive input and therefore are allocated to
the class of wide-dynamic-range (WDR) neurons.
At a gross scale, the interneurons in the spinal dorsal horn can be distributed to either the
excitatory or the inhibitory subpopulation. Most lamina II inhibitory interneurons are islet cells,
which are characterized by long dendrites exhibiting a predominantly sagittal orientation. (Grudt
and Perl, 2002). GABA and glycine are the two predominant neurotransmitter found in inhibitory
interneurons. The respective GABA or glycine receptor on the postsynapse is then mediating
specificity, since glycine is mediating postsynaptic responses with fast decay kinetics, whereas
GABAergic shows slower kinetics (Yoshimura and Nishi, 1995, Baccei and Fitzgerald, 2004). So
far, several markers have been described to be expressed in GABAergic neurons like
neuropeptide Y (NPY), galanin (GAL), parvalbumin (PV), and neuronal nitric oxide synthase
(nNOS). With these markers, four distinct neurochemical subpopulations of inhibitory
interneurons were defined (Tiong et al., 2011). More recently, by analyzing different
transcription factors, more subsets of inhibitory interneurons have been found (Ross et al., 2010,
Wildner et al., 2013).
The excitatory interneurons are much more heterogeneous, compared to the inhibitory
subpopulation, and out-number the inhibitory interneurons by a factor of about two (Todd and
Spike, 1993, Punnakkal et al., 2014). So far, no general neurochemical marker reliably labelling
all excitatory dorsal horn interneurons has been described. Tlx1, Tlx3 and Lmx1β were shown to
label a large portion of the excitatory interneurons (Cheng et al., 2004, Foster et al., 2015). The
great majority of excitatory spinal neurons express VGLUT2 (Punnakkal et al., 2014). Smaller
subsets are marked by the expression of PKCγ (Polgar et al., 1999), calbindin (Antal et al., 1991),
somatostatin (Proudlock et al., 1993, Todd et al., 2003), neurotensin (Todd et al., 1992),
neurokinin B (Polgar et al., 2006), c-Maf and CCK (Hu et al., 2012).
There is considerable evidence that neurochemical different subpopulations of the dorsal horn are
involved in the perception of pain and itch modalities (Andrew and Craig, 2001, Sun et al., 2009,
Liu and Ma, 2011, Han et al., 2013). A loss of TR4 dependent excitatory interneurons in the
superficial dorsal horn was found to be associated with a nearly complete absence of
supraspinally integrated pain and itch behaviors (Wang et al., 2013). Mice lacking the specific
transcription factor Blhb5 developed self-inflicted skin lesions and showed significantly enhanced
scratching responses to pruritic agents, implying a role in the formation and regulation of pruritic
circuits (Ross et al., 2010).
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Ascending pathways
There are two central pathways conveying sensory information to higher brain regions. One
transmitting information about pain and temperature and the other transmitting mechanosensory
information. Primary afferent fibers carrying cutaneous mechanosensory information enter the
spinal cord and the majority ascend on the same site (ipsilateral) of the spinal cord through the
posterior funiculi (or dorsal column) to the lower medulla. Here these first-order neurons synapse
on dorsal column nuclei. First-order neurons innervating the lower extremities, e.g. little toe, can
have very long axons that extend through the entire limb and along the length of the spinal cord.
Depending on their origin the first-order neurons terminate on second order neurons in the gracile
nucleus (lower body) or cuneate nucleus (upper body). The second-order neurons exiting from
the dorsal column are called internal arcuate fibers and cross the midline. They form the tract
known as medial lemniscus. These axons then synapse with neurons in the thalamus mainly
located in the ventral posterior lateral nucleus (VPL) (Purves, 2012).
In contrast, primary afferent fibers transmitting information about pain and temperature after
entering the spinal cord through the dorsal root ganglions, the axons branch into ascending and
descending collaterals and thereby forming the dorsolateral tract of Lissauer. In the Lissauer’s
tract the axons first run through one or two spinal cord segments, before they penetrate the gray
matter of the spinal cord. Here they synapse on the second-order neurons located in laminae I, II
and V. The axons of the projection neurons in lamina I and V decussate in the anterior white
commissure of the spinal cord and ascend to the brainstem and thalamus. These ascending
second-order neurons comprise the spinothalamic tract or anterolateral system.
The
spinothalamic tract can be subdivided into anterior and lateral pathways. The anterior part of the
tract conveys information about crude touch, whereas the lateral part transmits pain and
temperature.
The anatomical difference in the site of decussation is functionally obvious in the Brown-Séquard
syndrome. A spinal cord lesion restricted to one half of the spinal cord results in paralysis and
loss of proprioception on the ipsilateral side of the lesion, whereas a loss of pain, temperature and
crude touch sensation is lost at the contralateral side (Aminoff, 1996, Firlik and Welch, 1999).

Descending pathways
During World War II, the anesthesiologist Beecher and his colleagues made the observation that
severely wounded soldiers experienced only little or no pain at all. They concluded that the
perception of pain always depends on the context (Heecher, 1946). Together with the known
placebo effect, these observations pointed out that all sensations including pain are subject to
supraspinal modulation.
There are various descending fibers originating from cerebral structures and terminating in the
dorsal horn of the spinal cord. They either inhibit or facilitate the transmission of nociceptive
information to the brain. One of the best-studied regions is the midbrain periaqueductal gray
(PAG). In 1969 Reynolds showed that after electrical stimulation of the PAG, rats underwent
abdominal surgery without anesthesia. In these animals, the stimulation inhibited the activity of
projection neurons activated by nociceptors and thereby causing analgesia (Reynolds, 1969).
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Later, the target site for PAG was found to be the rostro ventromedial medulla (RVM), which in
turn then inhibit spinal dorsal horn neurons (Gebhart, 1983, Fields, 2000). So far, even more sites
have been described like the amygdala, the parabrachial nucleus, the dorsal raphe, locus coerulus,
somatosensory cortex and hypothalamus. All these regions use neurotransmitters such as
noradrenaline, acetylcholine, serotonin, dopamine and histamine to exert their function. In
addition, they can have excitatory or inhibitory effects on the interneurons in the dorsal horn of
the spinal cord. Initially, the descending projections were thought to be a mechanism used
primarily to inhibit ascending fibers carrying nociceptive fibers. Nowadays it is generally
accepted that these descending projections play an important role in the modulation of nociceptive
transmission from the spinal cord to higher brain regions (Basbaum, 1981, Millan, 2002, Gebhart,
2004).
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Fig. 2: A) Primary nociceptors are activated by noxious stimuli. The peripheral endings harbor specific receptors or ion
channels, which are sensitive to heat, mechanical stimuli, protons and cold. TRPV1 is activated by heat and the chili
compound capsicin. On the other end of the temperature scale TRPM8 and TRPA1 are activated by cold, but also the
synthetic ligand icilin. Illustration taken from Scholz and Woolf, 2002.
B) Cholera toxin subunit B (CTB) injected into the sciatic nerve is transported by myelinated fibers in a transganglionic
manner to the dorsal horn of the spinal cord. As a consequence only laminae receiving input from myelinated fibers are
stained and lamina II targeted by unmyelinated fibers remain immunoreactive negative. In lamina IV, CTB is transported
retrogradely and thus labels motorneurons. (Picture from Paul et. al., 2012 and from Zeilhofer et. al., 2012).
C) The different subpopulations of primary afferent fibers terminate in different regions of the dorsal horn of the spinal
cord. Nociceptive C-fibers terminate predominately in lamina II. The TRPV1-expressing peptidergic fibers target laminae
I and outer II, whereas the nonpeptidergic subset terminates in the inner lamina II. Myelinated Aδ fibers transmit input in
laminae I and V. The low-threshold C mechanoreceptors carrying innocuous input characterized by the expression of
VGLUT3 terminate in the ventral part of inner lamina II, where many PKCγ positive interneurons are located. Illustration
adapted from Braz et al., 2014.
D) Projection neurons located in the dorsal horn of the spinal cord mainly in lamina I and V convey noxious information to
higher brain regions. The information is transmitted through the thalamus to the somatosensory cortex and thereby
providing information about the intensity of the painful stimulus and where it is located. One of the best–studied brain
regions is the PAG. Neurons from this site were shown to modulate descending neurons located in the RVM. (Illustration
taken from Braz et al., 2014.
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Mechanisms underlying chronic pain
As already described earlier, hyperalgesia or allodynia frequently developed after tissue damage.
A typical example is sunburn, which renders the skin hypersensitive and light touch as well as
innocuous warm water lead to a painful experience. This effect is due to a sensitization of
peripheral sensory neurons as well as their central targets.

Peripheral sensitization
Peripheral tissue damage or nerve injury leads to the production of inflammatory mediators which
subsequently give rise to an „inflammatory soup“. Mediators like TNF-α, prostaglandin E2
(PGE2), neuronal growth factor (NGF), arachidonic acid, bradykinin but also histamine, serotonin
and ATP directly activate or modulate various types of ion channels in the peripheral endings of
the nociceptors. ATP acts on purinergic receptors such as P2X3, which were shown to play an
important role in neuropathic pain (Burnstock, 2009). Another important and well-described
mediator is NGF, which is elevated in certain chronic pain conditions and is sufficient to cause
lasting pain in humans (Eskander et al., 2015). Genes such as those encoding substance P, CGRP,
brain-derived neurotrophic factor (BDNF), and TRPV1 are upregulated after an increase in NGF
levels in DRG neurons due to peripheral tissue damage (Averill et al., 2001, Ji et al., 2002,
Delcroix et al., 2003). The produced NGF stimulates TrkA receptors, which results in the
activation of various signaling pathways (Woolf et al., 1996, Nicol and Vasko, 2007). In
particular, NGF can increase the membrane expression of TRPV1 (Zhang et al., 2005). As
consequence of the increased amount of TRPV1 channels in the membrane of nociceptors, the
activation temperature is reduced and normal body temperature of 37°C might already be
perceived as painful (Squire, 2009). An important role in peripheral sensitization is played by
immune cells such as mast cells and macrophages. Upon stimulation of TNF-α or other
cytokines, the expression of cyclooxygenase 2 (COX-2) is increased, which leads to an increased
secretion of PGE2 (Masferrer et al., 1994, Vane et al., 1994, Watkins and Maier, 2003).
Cyclooxygenases are the rate-limiting enzyme in the synthesis of PGE2. PGE2 activates Gprotein-coupled receptors including the EP receptors, which subsequently induce PKA signaling.
Eventually, the signaling cascade leads to an increased responsiveness of peripheral nociceptors
(Ghilardi et al., 2004, Moalem and Tracey, 2006, Ma and Quirion, 2008).

Central sensitization
Nerve injury not only leads to a peripheral sensitization, but also increases the excitability of
neurons in the central nervous system (CNS). Strong intense or long lasting input to the CNS
leads to activity dependent neuronal plasticity.
Peripheral nociceptors activated by noxious stimuli such as heat and mechanical or chemical
compounds result in an activity- and use-dependent neuronal plasticity in the CNS. As a result,
pain thresholds are lowered and previously subthreshold input becomes sufficient to elicit pain
sensations. Although this effect is triggered by nociceptors, it also has impact on nonnociceptive
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modalities such as low-threshold mechanoreceptors. This maladaptive spinal plasticity can lead
to the activation of pain specific pathways by fibers conveying innocuous information. Therefore
light touch or brushing lead to an activation of dorsal horn neurons that are able to activate the
pain pathway and give rise to the sensation of pain. The phenomenon of pain induced by a
normal innocuous stimulus is referred to as allodynia and is a cardinal symptom in neuropathic
pain conditions. This effect is also called secondary hyperalgesia and occurs in the uninjured
tissue around the site of injury. Characteristic for secondary hyperalgesia is the increased
responsiveness to mechanical, but not heat stimuli. A study in humans supports the hypothesis
that secondary hyperalgesia is a direct effect of central sensitization. Test persons received an
intradermal injection of capsaicin in both arms, which first produced primary hyperalgesia occurs
at the site of injections and is characterized by heat and mechanical sensitization. This primary
hyperalgesia was accompanied by a large flare (reddening of skin) reaction. The flare is
peripherally mediated by the release of vasoactive peptides from activated nociceptor terminals.
In a second step, a larger zone of secondary hyperalgesia develops, which is characterized by pure
mechanical hypersensitivity and no flare. Several lines of evidence suggest that this secondary
hyperalgesia is due to an altered central processing of low-threshold mechanosensitive fiber input
(LaMotte et al., 1991).
The mechanisms contributing to central sensitization can be subdivided in either
transcription-independent or transcription-dependent processes.
An example for
transcription-independent mechanism is called “windup” and involves a progressive increase in
the magnitude of responses of spinal dorsal horn neurons and increased pain perception evoked by
nociceptive afferents upon repetitive stimulation of nociceptors. This means that C-fibers are
repeatedly activated by low-frequency stimulation and despite the stimulus remains constant, the
detected intensity increases with each additional stimulus. Windup only lasts tens of seconds and
therefore represents a short-term form of sensitization (Li et al., 1999).
Intense C fiber input into projections neurons located in lamina I induces dorsal horn long-term
potentiation (LTP), which is a form of synaptic plasticity (Liu and Sandkuhler, 1997). The spinal
LTP can be reduced by blocking NMDA receptors, NK1 receptors or low threshold voltage-gated
calcium channels. Different projection neurons to the parabrachial nucleus or PAG require either
high or low stimulation frequencies, respectively (Ikeda et al., 2003, Ikeda et al., 2006). Recently,
an unknown regulatory mechanism was demonstrated, where mechanical hyperalgesia was
reversed after reactivating spinal pain pathways. This reconsolidation-like process of the sensory
system was described to be similar to memory consolidation (Bonin and De Koninck, 2014).
In addition to this activity dependent spinal plasticity, also changes humoral signals can induce
plastic changes. The fast neurotransmitter of primary afferent neurons is glutamate, which can
bind to several receptors on the postsynaptic neuron such as the ionotropic amino-3-hydroxy-5methyl-4-isoxazole propionate (AMPA), N-methyl-D-Aspartate (NMDA) and Kainate (KA)
receptors, plus metabotropic G-protein coupled glutamate receptors (mGluRs). Presynaptically
the release of glutamate is inhibited by metabotropic G protein-coupled receptors such as μ-opioid
receptors (MORs), GABAB receptors and adenosine receptors. Kohno et al. showed that after
nerve injury, MOR expression was significantly downregulated in the affected DRG neurons
(Kohno et al., 2005). In contrast, the α2δ subunit of voltage-gated calcium channels is upregulated
at the central terminals of the primary afferent fibers following nerve injury (Li et al., 2004). The
anticonvulsant drugs gabapentin and pregabalin bind and block this subunit and thereby reduce
neuropathic pain (Bian et al., 2006).
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On the second order neurons in the superficial laminae of the dorsal horn AMPA and NMDA
receptors are present in virtually every synapse, whereas mGluRs are found predominantly in the
postsynaptic density zone (PSD) (Alvarez et al., 2000, Azkue et al., 2000, Antal et al., 2008). The
slow depolarization of second order neurons leads to a removal of the voltage dependent Mg2+
block of NMDA receptors (Azkue et al., 2000). This activation of NMDA receptors is a crucial
step in both the initiation and maintenance of activity-dependent central sensitization. In mice
with a conditional knock out of the NMDA receptor subunit NR1, a reduced hyperalgesia to
formalin but normal responses in acute pain tests was observed (Woolf and Thompson, 1991,
South et al., 2003).
Another well-established mechanism is diminished inhibitory synaptic transmission. Inhibitory
interneurons releasing glycine, GABA or opioid peptides have an inhibitory influence on primary
afferent fibers and postsynaptic dorsal horn neurons. GABAA and strychnine-sensitive glycine
receptors on postsynaptic neurons are activated by the release of GABA and glycine, respectively.
Through the pore of activated GABAA and glycine receptors, negatively charged chloride ions
flow into the neuron and reduce the neuronal excitability by hyperpolarizing the cell membrane.
Peripheral nerve injury can lead to an impaired function of the inhibitory interneurons by reducing
the synthesis of inhibitory neurotransmitter and/or their release (Eaton et al., 1998, Moore et al.,
2002). The disinhibition established in neuropathic pain states can be attributed partly also to
apoptosis of inhibitory interneurons (Moore et al., 2002). The neuronal cell death seems to be the
consequence of NMDA receptor induced neurotoxicity. However, the neurotoxicity is not due to
the initial large amount of centrally released glutamate directly after tissue injury, but rather
develops over time (Scholz et al., 2005). Other studies found no significant loss of inhibitory
interneurons in the spinal dorsal horn of rats after inducing a neuropathic pain model (Polgar et
al., 2004, Polgar and Todd, 2008).
Peripheral nerve injury also induces a rapid downregulation of the potassium chloride
cotransporter 2 (KCC2) in dorsal horn neurons. Under normal conditions, KCC2 and Na+-K+-Clexporter 1 (NKCC1) are required to maintain an intracellular low concentration of chloride.
KCC2 cotransports K+ and Cl- ions out of the cell, whereas NKCC1 is responsible for the influx
of Cl- ions into the cell. The achieved chloride gradient over the membrane allows the entry of
chloride ions into the cell upon opening chloride channels such as GABAA and glycine receptors,
which hyperpolarize the neurons. However, in neuropathic pain states, microglia in the dorsal
horn are activated and release brain-derived neurotrophic factor (BDNF), which activates TrkB
receptors and subsequently induces a downregulation of KCC2. The reduction in expression of
KCC2 leads to an accumulation of chloride ions inside of the cell thereby disrupting the chloride
homeostasis. As a consequence, the Cl- equilibrium potential is shifted towards more depolarized
potentials and the opening of GABA or glyine receptor channels becomes less inhibitory or even
excitatory (Coull et al., 2003, Coull et al., 2005, Price et al., 2005, Miletic and Miletic, 2008,
Alexander et al., 2009, Lu et al., 2009).
Recently, the importance of inhibitory subpopulations for development of mechanical and thermal
hyperalgesia was revealed as well as signs of spontaneous aversive behaviors (Ross et al., 2010,
Foster et al., 2015, Petitjean et al., 2015). The loss of inhibition on the cellular level enables Aβ
fiber input to excite spinal nociceptive neurons and thereby activating a circuitry that is under
normal conditions silenced. Normally, Aβ fiber stimulation activates postsynaptic neurons fast
and only shortly. In the presence of the GABAA receptor antagonist bicuculine, the same
activation paradigm induces repetitive and long lasting activation (Baba et al., 2003).
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Fig. 3: A) Peripheral sensitization results from the interaction of nociceptors with the substances released
after tissue injury. As a result there is a reduction in threshold of the primary afferent fibers and thus a
increased response. Illustration from Neuroscience (Purves, 2012).
B) Various mechanisms lead to the induction of central sensitization. During central sensitization,
nociceptive neurons might display 1) an increased spontaneous activity or develop it; 2) an increased
excitability due to a reduced activation threshold 3) development of secondary hyperalgesia at the tissue
surrounding the injured site. Illustration adapted from Ji et al., 2003.

Potential role of excitatory interneurons in central sensitization
It is widely accepted that the loss of inhibitory tone in the dorsal horn of the spinal cord is a major
contributor to neuropathic pain. Various findings suggest that also excitatory dorsal horn
interneurons play an important role in signaling pain and possible also itch. In 1997, mainly
excitatory immunoreactive PKCγ neurons were shown to be critical involved in the generation
and maintenance of neuropathic pain, whereas acute pain is preserved (Malmberg et al., 1997).
Later, low-threshold mechanoreceptors (Neumann et al., 2008) that presumably express VGLUT3
(Seal et al., 2009) were shown to synapse on the mainly excitatory PKCγ expressing neurons
(Polgar et al., 1999). Injection of the glycine receptor agonist strychnine produces dynamic
mechanical allodynia which can be reduced not only by the injection of a PKCγ antagonist but
also by blockade of glutamate NMDA receptors located in superficial lamina nociceptive-specific
NK1-negative neurons (Miraucourt et al., 2007, Miraucourt et al., 2009). This finding is
supported by a more recent study, which shows direct synaptic contact of parvalbumin
interneurons. Parvalbumin neurons constitute a subpopulation of GlyT2 positive interneurons in
the deep dorsal horn and are mainly inhibitory (Petitjean et al., 2015). Only recently, mice
lacking the TR4 receptor in the spinal cord, which let to a complete loss of excitatory interneurons
in the superficial dorsal horn, were published. These knockout mice exhibited a near complete
absence of supraspinally intergrated pain and itch information. Interestingly, numbers of PKCγ
positive interneurons located between lamina II and III did not differ in WT and mutant mice
(Wang et al., 2013).
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Pharmacological treatment
The two main classes of analgesic drugs are non-steroidal anti-inflammatory drugs (NSAIDs) and
opiates. Currently, research focuses on two approaches to discover new potential targets, on one
hand the particular role of proteins important during pain establishment or maintenance is studied
in detail, and on the other hand mass screening of mRNA and proteins that are differently
regulated in neuropathic pain states is performed.

Non-steroidal anti-inflammatory drugs (NSAIDs)
A prototypic member of this class is salicylic acid, which is the active ingredient in willow bark.
Alka Seltzer® and Algifor® are examples of over-the-counter available drugs that treat pain and
inflammation. Mechanistically they inhibit the cyclooxygenase enzymes COX-1 and COX-2 that
convert arachidonic acid into prostaglandins. Prostaglandins play a critical role in inflammation
and inflammatory processes. The isoform COX-1 is constitutively expressed in most cells and
serves housekeeping functions, such as gastric epithelial protection and homeostasis. In contrast,
COX-2 is induced after inflammation and an important player in the production of prostaglandins
in inflammation and proliferative diseases (Dubois et al., 1998). Typical side-effects of nonselective COX-1/2 inhibitors include stomach irritation or even erosion and ulcer, which can lead
to gastrointestinal bleedings. Selective COX-2 inhibitors marked a big success in pain
pharmacology, but rather than being more efficient, these drugs lead to less gastric and bleeding
side effects (FitzGerald and Patrono, 2001). Interestingly, the COX inhibitors seem to be pretty
ineffective in the treatment of neuropathic pain, suggesting that prostaglandins do not make a
major contribution to the maintenance of neuropathic pain (Namaka et al., 2009).

Opioids
The making and use of opium was already known to the ancient Minoans that lived several
thousand years before Christ. The analgesic active compound was harvested from papaver
somniferum. To this day, opioids are the most widely used and potent analgesics for the
treatment of acute and tumorpain pain, but also other disorders such as diarrhea and cough.
Endogenous opioid peptides and their receptors are expressed in the nociceptive neural circuitry
but also in reward and emotion-related brain structures. So far, four different opioid receptors
were found: Mu (μ), Delta (δ), Kappa (κ) and opioid receptor like-1(ORL1, nociceptin). The
most frequently used opioids to treat pain act on the μ opioid receptor (MOR) and thereby mimick
endogenous opioid peptides such as dynorphins, enkephalins, endorphins and endomorphins.
Opioids receptors are inhibitory G protein-coupled receptors. In the pain pathways three possible
sites of action have been described. Receptors on primary afferent fibers inhibit the release of
excitatory neurotransmitters. In second order neurons the activation of opioid receptors leads to a
hyperpolarization of the neuron by activating inwardly rectifing potassium channels. In higher
brain regions, opioids disinhibit antinociceptive descending fibers that terminate in the dorsal
horn. However, the clinical use of opioids is limited because of a number of side effects.
Especially the nausea, sedation, respiratory depression and development of tolerance and
addiction can significantly affect the patients quality of life (Klein, 2004, Ahlbeck, 2011, AlHasani and Bruchas, 2011, Fields, 2011).
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Anticonvulsants
Compounds developed for other disorders unrelated to pain where found to have some potential in
the treatment of chronic pain. Gabapentin and pregabalin were shown to be especially effective at
relieving allodynia and hyperalgesia. Not only in animal models, also in numerous clinical
studies and case reports the efficacy of these drugs was demonstrated. There are some evidences
for an unique effect on voltage-dependent calcium ion channels located on the dorsal horn
terminals of primary afferent fibers. Gabapentin was demonstrated to act on the α2δ subunit of
voltage gated calcium channels found in DRG neurons by reducing the calcium-dependent release
of neurotransmitter (Marais et al., 2001). This evidence and the fact of a mild side-effect profile
plus the lack of drug interactions, makes it an attractive compound (Rose and Kam, 2002).
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Aims
Chronic pain is a major cause of disability worldwide and is defined as pain lasting longer than
two months. Phenotypically, it is characterized by an altered pain perception that includes
hyperalgesia (abnormally increased sensitivity to a painful stimulus.), allodynia (an innocuous
stimuli is perceived as painful) and spontaneous pain occurring in the absence of any sensory
stimulation. Although a critical role of Protein kinase Cγ (PKCγ) neurons in neuropathic pain has
already been established by using PKCγ-deficient mice, the exact integration of PKCγ positive
interneurons in the dorsal horn neuronal circuit and their role in sensory processing has remained
elusive. In order to address these questions, I decided to generate two PKCγ mutant mouse lines
that should allow the identification of PKC positive dorsal horn neurons in spinal cord slices and
their ablation in a temporally and spatially precisely controlled manner in vivo. The mouse line
PKCγiCre should enable the activation or inactivation of the PKCγ positive neurons and elucidate
their integration in the circuit responsible for mechanical allodynia after nerve injury. The other
mouse line was planned to be generated by integrating a Cre dependent diphtheria toxin receptor
(DTR) cassette followed by a green fluorescent protein (eGFP) into the Prkcg locus and thereby
ensure an expression pattern similar to the endogenous PKCγ protein.
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Abstract
Excitatory interneurons in the superficial dorsal horn can modulate specific processing of pain
and itch messages (Wang et al., 2013). A subpopulation of these neurons located predominantly
in the inner lamina II is characterized by the expression of protein kinase C γ (PKCγ). PKCγ gene
has been implicated in the establishment and maintenance of allodynia in neuropathic pain states
(Malmberg et al., 1997). Although a critical role of PKCγ gene in neuropathic pain has already
been established by using PKCγ-deficient mice, the exact integration of PKCγ positive
interneurons in the dorsal horn neuronal circuit and their role in sensory processing has remained
elusive. In order to address these questions, a PKCγiCre knock in mouse was generated that should
allow the identification of PKCγ positive dorsal horn neurons in spinal cord slices and their
ablation in a temporally and spatially precisely controlled manner in vivo. To alter as little
genomic sequence as possible, the iCre cassette was placed into exon 1 of the Prkcg locus, which
should prevent the expression of PKCγ mRNA. The Cre expression of the PKCγiCre mouse line
was analyzed by using in situ hybridization, reporter mice, reporter and viral vectors in the spinal
dorsal horn. PKCγiCre;Rosa26tdTomato exhibited strong tdTomato fluorescence predominantely at
the border of laminae IIi and III, but also in endothelial cells. The in situ hybridization revealed
neurons expressing high and low levels of PKCγ mRNA transcripts throughout the superficial
dorsal horn with some scattered cells in laminae III – V. iCre mRNA signals were also observed
throughout the superficial dorsal horn and were coexpressed in 71 ± 6% of PKCγ mRNA positive
neurons. This expression pattern of iCre was reproduced by the Cre dependent viral vector
carrying an eGFP expression cassette, as eGFP positive cells were found in the superficial dorsal
horn lamina I – IIi and some scattered cells in the deeper dorsal horn. A comparison with PKCγ
IR revealed a profound discrepancy between the number of immunoreactive PKCγ (17 ± 2) and
PKCγ transcript (97 ± 7) positive cells. This finding was underpinned by the more abundant
eGFP expression after intraspinally injected viral vectors carrying a Cre dependent eGFP cassette.
Here, only around 21 ± 2% of eGFP labeled cells were PKCγ immunoreactive and 53 ± 4% eGFP
positive neurons are colocalized with a marker for excitatory interneurons Lmx1β. Interestingly,
around 19 ± 1% eGFP+ neurons coexpress Pax2, a marker of inhibitory interneurons (Batista and
Lewis, 2008). Taken together, at least on a gross scale PKCγ driven iCre expression largely
recapitulated the PKCγ expression.
To analyzed the contribution of PKCγ expressing neurons to the detection of somatosensory
information, viral vectors harboring a Cre dependent Diphtheria Toxin subunit A (flex.DTA)
expression cassette were used to ablate selectively and locally the PKCγ neurons (Foster et al.,
2015). After ablation, mice developed a significantly decreased response rate to tactile (brush)
and noxious (pinprick) mechanical stimuli. Furthermore, the ablated animals showed a
significantly decreased sensitivity to noxious cold, whereas the sensitivity to noxious heat
(Hargreaves test) remained intact. Mice with ablated PKCγ neurons did not develop allodynia or
hyperalgesia after a chronic constriction injury of one sciatic nerve. A similar phenotype was
observed in homozygous PKCγiCre mice, which lack PKCγ.
Taken together, the PKCγiCre mouse exhibited on a gross scale a correct expression pattern, but
did not fully replicate the pattern of PKCγ immunoreactivity. Furthermore, I could demonstrate
that the PKCγ expressing neurons were critically involved in the processing of mechanical stimuli
and cold sensation, plus play an important role in the generation and maintenance of neuropathic
allodynia and hyperalgesia.
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Introduction
The first PKCγ deficient mice were reported in 1993. These mice exhibited modified long-term
potentiation (LTP) in the hippocampus (Abeliovich et al., 1993a) and to exhibit mild deficits in
spatial and contextual learning (Abeliovich et al., 1993b). In addition, these mutant mice were
mildly ataxic. Since PKCγ is highly expressed in cerebellar Purkinje cells, the development of the
cerebellum in PKCγ deficient mice was analyzed. About 40% of Purkinje cells in mature PKCγ
deficient mice remain multiply innervated by climbing fibers. This persistent multiple
innervations of Purkinje cells by climbing fibers is thought to be the primary cause of the
observed motor discoordination in PKCγ deficient mice (Saito et al., 1988, Chen et al., 1995,
Saito and Shirai, 2002).
PKCγ is also expressed in the spinal dorsal horn. Several reports suggest an important
contribution of PKCγ to central sensitization at this site. Following peripheral nerve damage,
PKCγ expression increases in the spinal dorsal horn (Mao et al., 1995), while PKCγ deficiency in
PKCγ mutant mice protects from neuropathic pain (Malmberg et al., 1997). PKCγ IR neurons
constitute a subpopulation of excitatory interneurons located at a strategic site in the inner part of
lamina II (IIi) and the outer part of lamina III (Polgar et al., 1999). They thus form a band at the
border between the innervation territories of nociceptive and non-nociceptive primary afferent
fibers. At least part of the sensory input to PKCγ positive interneurons comes from myelinated
primary afferent fibers. These afferents are most likely non-nociceptive, probably either lowthreshold Aδ afferents (so called D hair afferents) or Aβ afferents (Neumann et al., 2008).
Unmyelinated low-threshold mechanoreceptors (C-LTMRs) proposed to mediate pleasant touch
and/or pain are characterized by the expression of VGLUT3 (vesicular glutamate transporter 3)
and tyrosine hydroxylase (TH) (Seal et al., 2009, Lou et al., 2013, Braz et al., 2014). In contrast,
they do not receive direct input from nociceptors as non-peptidergic (IB4-positive) fibers
terminate immediately dorsal to the PKCγ positive neurons, rather than overlapping with them
(Zylka, 2005). It is has been hypothesized that PKCγ-positive interneurons form a polysynaptic
connection between non-nociceptive input from low-threshold primary afferents and normally
pain transmitting projection neurons in the superficial dorsal horn (Neumann et al., 2008). Under
normal conditions these polysynaptic connections are under strong inhibitory control, which
prevent the access of innocuous information to pain specific pathways. However, in chronic pain
states the inhibition is reduced to an extend that allows the signaling of non-painful stimuli to
nociceptive specific projection neurons in lamina I. Diminished synaptic inhibition of dorsal horn
neurons is a well described mechanism, which contribute to pain hypersensitivity and to
spontaneous pain sensations (Zeilhofer et al., 2012, Braz et al., 2014).
To elucidate the exact integration of PKCγ positive neurons in the dorsal horn neuronal circuit
and their role in in vivo sensory processing a PKCγiCre mouse was generated.
Another mouse line was designed to enable the expression of a Cre dependent diphtheria toxin
receptor (iDTR) and a fluorescence reporter under the regulatory control of the PKCγ promoter.
Since murine cells of wild type mice lack the heparin-binding epidermal growth factor-like
growth factor (HB-EGF) precursor, which functions as a DTR in humans and higher primates, the
transgenic expression of HB-EGF renders murine cells sensitive to DTX (Saito et al., 2001, Cha
et al., 2003). The application of DTX then leads to the ablation of neurons expressing DTR
(Drazin et al., 1971, Buch et al., 2005). Because the expression of PKCγ is not limited to the
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spinal cord, a floxed STOP cassette shall be placed in front of the iDTR cassette. This cassette
will be excised by crossing the PKCγSTOP-iDTR-eGFP mice with HoxB8::Cre mice previously
generated (Witschi et al., 2010), which express the Cre recombinase under the transcriptional
control of the Hoxb8 gene in dorsal root ganglia neurons (DRGs), spinal cord neurons and glial
cells up to level C4, but largely spare the brain. By using the HoxB8::Cre mouse line the
recombination can occur already early in development and the expression of eGFP should be
under the control of the PKCγ promoter.
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Results
Generation of PKCγiCre mouse line
(Attal et al., 2010) describes the generation of a PKCγCre mouse line. In this strategy, the first two
coding exons of the PKCγ gene were replaced with the Cre coding sequence followed by a
cassette as a drug selection marker. However, this mouse line showed discrepancies in the
distributions of Cre and PKCγ in brain and spinal cord. Therefore a closer look at the conserved
sites was taken, and highly conserved sites in intron 2 were found. In order to destroy as little
genomic sequence as possible, the Cre cDNA was placed into exon 1 thereby destroying the
endogenous start codon of the PKCγ gene, which shall allow the generation of PKCγ knock out
mice if in both alleles iCre is present.
A mini-targeting vector was constructed that harbored the cDNA of Cre followed by a
polyadenylation (poly-A) signal. To select for positive clones after ES cell electroporation a
neomycin cassette under the control of phosphoglycerate kinase (PGK) promoter was inserted.
The Cre-poly-A-Neo cDNA was flanked on both sides by genomic DNA homologous to 154 bp
upstream and 62 bp downstream of the 5’ and 3’ ends of the start codon. The whole minitargeting vector was verified by sequencing, before the recombineering of the mini-targeting
vector with the retrieval plasmid (vector containing the long homology arms) was performed.
The retrieval plasmid contained a 10 kbp homology arm upstream and 4 kbp downstream of the
start codon. After recombineering the Cre-polyA-Neo cDNA was flanked on both sides by
genomic DNA homologous to 9’858 bp upstream and 4’049 bp downstream of the 5’ and 3’ ends
of the start codon, respectively (Fig. 1A).
For ES cell electroporation 100 μg of the vector harboring CRE-poly-A-Neo cDNA flanked by
the long homology arms were linearized using NotI. The construct was handed over in ethanol to
the Institut für Labortierkunde (LTK) for electroporation in ethanol. LTK performed the
electroporation of the linearized construct into JM8N4 ES cells (C57BL/6NTac) and picked 384
clones positively selected for neomycin resistance.
Southern blot analysis after digestion with SpeI and hybridization with an external 5’ probe was
used to identify homologous recombinant ES cell clones with correct 5’ arm integration by a shift
of the detected fragment from 30’266 bp (wild type) to 13’973 bp (targeted). A second round
Southern blot analysis was performed after digestion with NdeI and hybridization with an external
3’ probe to identify homologous recombinant ES cell clones with correct 3’ arm integration by a
shift of the detected fragment from 9’460 bp (wt) to 12’973 bp (targeted). Three positive clones
were selected and expanded for a second verification round. In the verification screen again the
two external probes were tested, but in addition the clones were also tested for proper integration
of the Cre cassette by using a probe homologous to the Cre cDNA visualizing 12’973 bp
fragment. All three clones showed the expected pattern (Fig. 2B).
Clone H9 was injected into blastocytes (albino-C57Bl/6; B6/J-TyrC) and gave rise to nine
chimeras (8 males, 1 female). The male chimeras were crossed to albino-Bl/6 females (B6/JTyrC; Townsend et al., 1981) and all offsprings with black fur were analyzed for the presence of
the iCre transgene in exon1 by PCR. Mice positive for the iCre transgene were then crossed with
Flp-deleter strain (B6.Cg-Tg(ACTFLPe)9205Dym/J(#005703; Rodriguez et al., 2000) to excise
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the neomycin cassette. Mice positive for PKCγiCre were then crossed to produce homozygous
offspring and to C57Bl/6 for maintenance breeding.

Fig. 1 Strategy for the Prkcg-iCre mouse line
A) Schematic showing the Prkcg locus and strategy used to insert a iCre cassette into exon 1. The different probes
and restriction sites are depicted with corresponding colors. The startcodon of the iCre is replacing the endogenous
start codon of the Prkcg gene.
B) Three positive ES clones were verified with 3 different restriction enzymes and probes combinations. All three
digests and subsequent hybridizations with different probes showed a nonambiguous and specific fragment pattern.
C) The offspring of two heterozygous mice was tested for the disruption of exon 1.
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Morphological analysis of PKCγiCre – reporter strain
PKCγiCre mouse line was crossed with a conditional reporter Rosa26tdTomato mouse line (Madisen et
al., 2010, Abe and Fujimori, 2013). Mice transgenic for both genes iCre and tdTomato should
express tdTomato in every cell, which expressed PKCγ at some stage during development. Very
high level of PKCγ expression was reported in Purkinje cells (Saito et al., 1988, Saito and Shirai,
2002). In the double transgenic animals the cell bodies of the Purkinje cells and the intricately
elaborate dendritic arbor were tdTomato positive. In transverse sections of the spinal cord the
tdTomato fluorescence was predominantly found in the superficial dorsal horn. Due to a dense
tdTomato positive neuropil in the superficial dorsal horn and/or a certain leak out of tdTomato
from positive cells during the perfusion with rather weak fixing conditions, it was difficult to
separate neuronal cell bodies from the background (Fig. 2B). As a consequence the quantitative
analysis of tdTomato positive neurons was not possible. tdTomato was also expressed in the
white matter and endothelial cells of blood vessels (Fig. 2A). Therefore careful discrimination
between neuronal cell bodies and beveled blood vessels had to be carried out.
The presence of tdTomato in the DRGs was for the most part similar to the PKCγ
immunoreactivity. The satellite cells surrounding the DRG neurons exhibited high levels of
tdTomato fluorescence. However, tdTomato expression was most probably devoid in large
diameter DRG neurons, whereas its expression could not be totally excluded from small diameter
neurons (Fig. 2C).
In summary, the tdTomato expression appeared to be more widespread than PKCγ
immunoreactivity. A possible explanation could be the transient expression of the PKCγ gene
during development.
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Fig. 2 Crossing of PKCγiCre line with Rosa26tdTomato reporter line
A) Cell bodies and the intricately elaborate dendritic arbor of Purkinje cells were apparent in the cerebellum. Cre
was also expressed in endothelial cells of blood vessels, which led to fluorescent labeled blood vessels. tdTomato
fluorescence was predominantely observed in the dorsal horn of the spinal cord.
B) The colocalization of immunoreactive PKCγ neurons and tdTomato positive neurons was difficult to assess.
Due to highly fluorescent neuropil, cell bodies were hardly, delimitable from the background.
C) The expression of tdTomato in DRGs was overlapping with the PKCγ immunoreactivity. Especially the
surrounding tissue of the DRGs expressed high levels of tdTomato.
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Morphological analysis of PKCγiCre – in situ hybridization (ISH)
To characterize Cre expression in the PKCγiCre mouse line, the spinal cord was examined
immunohistochemically. Initially, antibodies directed against iCre and PKCγ were used to
examine coexpression of these two proteins. While staining with a PKCγ antibody revealed a
typical band of IR cells between lamina II and III, no positive staining for iCre was observed
presumably due to inefficient amount of iCre proteins. Next, the commercially available
branched ISH method RNAscope was used, which is able to detect single mRNA transcripts
(Grabinski et al., 2015). This highly sensitive method detected mRNA transcripts not only in
lamina IIi, but throughout the superficial dorsal horn (Fig. 3A). Interestingly, many transcripts
per cell were found in lamina IIi, whereas fewer transcripts were observed in the more superficial
layers of the dorsal horn. Nevertheless these fewer transcripts could still clearly be allocated to
cell nucleus marked by DAPI. In control littermates negative for the iCre transgene, iCre in situ
hybridization signals were only sporadically observed (Fig. 3B). Quantitative analysis revealed
that 71 ± 6% of the PKCγ transcript positive cells were also positive for iCre transcripts. The
cells positive for PKCγ transcripts were subdivided into cells expressing high and low levels of
the PKCγ transcript. Interestingly, per section, the numbers of IR PKCγ cells (17 ± 2) and cells
with high levels of PKCγ transcripts (26 ± 1 out of 97 ± 7 PKCγ transcripts positive cells) and
their location were comparable (Fig. 3C). Taken together, these results indicated that PKCγ was
expressed at different levels in spinal dorsal horn neurons, at least at the mRNA level. However,
the ratio of IR PKCγ positive neurons and PKCγ mRNA transcripts positive neurons strongly
supports a more abundant expression of PKCγ than visualized with antibody staining. The good
correlation between PKCγ mRNA and iCre mRNA signals substantiate the specific iCre
expression in PKCγ gene expressing neurons.
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Fig. 3 In situ hybridization
A) Transverse section of the dorsal horn of a heterozygous PKCγiCre positive mouse (left) and a control littermate
(right). PKCγ transcripts depicted in green were found throughout the dorsal horn of the spinal cord. Note that in
control littermates mRNA transcripts of the iCre gene were only sporadically observed.
B) Close-up of the dorsal horn revealed the colocalization of both PKCγ and iCre transcripts in the transgenic
animals. Arrows point out PKCγ positive cells.
C) Quantitative analysis of PKCγ positive neurons detected by either mRNA transcripts or stained with antibody.
PKCγ transcripts positive neurons (97 ±7) were further subdivided in a population with high levels of PKCγ
transcripts (26 ±1). The latter was comparable to the number of immunoreactive PKCγ neurons (17 ±2). (Number
of immunoreactive PKCγ neurons are the same as used in Figure 3)
All values are means ± SEM
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Morphological analysis of PKCγiCre – viral vector
To allow a quantitative analysis on a cellular level of PKCγ iCre positive neurons, a reporter virus
based approach was chosen. AAVs carrying a flex.eGFP were injected unilaterally in the lumbar
segment of adult PKCγiCre mice. 14 days after injection mice were perfused and transverse
sections of the lumbar spinal cord were prepared. Neurons expressing eGFP were restricted to
lamina I to III with a few scattered cells in the deeper dorsal horn. Sections were costained with
antibodies against PKCγ, Lmx1β and Pax2. Lmx1β is exclusively expressed glutamatergic dorsal
horn neurons (Ding et al., 2004, Szabo et al., 2015) and Pax2 is a marker for inhibitory
interneurons (Batista and Lewis, 2008). Only around 21 ± 2% of eGFP positive cells were PKCγ
IR and only 53 ± 4% of the eGFP cells coexpressed Lmx1β (Fig. 4A/B/E). Conversely, around
19 ± 1% of eGFP positive cells coexpressed Pax2. Irrespective of eGFP expression, we found
that 94 ± 1% of all PKCγ IR neurons also coexpressed Lmx1β and only few neurons were found
to be immunoreactive for both PKCγ and Pax2 (Fig. 4C/D/E).
Horizontal spinal cord sections from segments rostral of the intraspinal injection site revealed
eGFP positive fibers in the ascending and descending fiber tracts in the white matter. The
descending fibers in the corticospinal tract on the ipsilateral site of injection were seen most
probably as a consequence of retrograde infection of descending axons. In the spinothalamic tract
on both sides ascending fibers were visible (Fig. 4F). The existence of PKCγ positive neurons in
lamina I and III coexpressing neurokinin 1 receptor (NKR1) a marker for ascending projection
neurons was demonstrated (Polgar et al., 1999, Todd, 2010).
Taken together, the intraspinal injection of AAV.flex.eGFP revealed a heterogeneous group of
PKCγ expressing neurons, which not only included excitatory and inhibitory interneurons, but
also projections neurons. Nevertheless, the observed heterogeneity was in line with previous
reports.
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Figure 4 (legend on next page).
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Fig. 4 Injection of AAV.flex.eGFP into PKCγiCre mouse line
A) Dorsal horn of PKCγiCre animal injected with AAV.flex.eGFP vector. eGFP expression was restricted to
laminae I to III with only a few cells in the deeper dorsal horn.
B) Close-up of the boxed area. Fewer neurons were PKCγ immunoreactive, than eGFP positive neurons were
observed. The arrow indicates a neuron double positive for eGFP and Lmx1β but PKCγ negative.
C&D) Dorsal horn of PKCγiCre animal injected with AAV.flex.eGFP vector was stained with Lmx1β and Pax2
antibodies. The arrows indicate two eGFP positive neurons, either colocalizing with Pax2 or Lmx1β.
E) Quantitative analysis of immunoreactive PKCγ neurons showed that the great majority was colocalized with the
excitatory marker Lmx1β. In contrast only 53 ± 4% of the eGFP positive neurons coexpressed Lmx1β and 19 ± 1%
the inhibitory marker Pax2. Out of the eGFP+ cells, merely 21 ± 2% colocalized with PKCγ antibody staining.
F) A spinal cord slice of a PKCγiCre mouse injected with AAV.flex.eGFP vector into the ipsi lateral side. The
injection was more caudal thus the green fluorescent is from ascending and/or descending fibers. The dorsal
column, including the corticospinal tract, is marked with an asterix. The arrow marks the lateral spinal nucleus.
Additional fibers were seen on the contra lateral side and marking the spinothalamic tract.
All values are means ± SEM

Behavioral analysis of PKCγiCre
Next we addressed the question, whether the loss of PKCγ expressing neurons led to changes in
acute pain models. Adult mice were injected with AAV carrying a Cre dependent Diptheria toxin
subunit A (flex.DTA) expression cassette. Only neurons expressing PKCγiCre are able to flip the
DTA cassette and induce DTA expression which subsequently kills the cell (Fig. 5A). Control
wild type animals were injected with the same virus. Mice were tested 4, 8 and 11 days after
surgery in various behavior assays. The ablation of PKCγ expressing neurons in the spinal dorsal
horn led to a significantly decreased response rate to light touch (brush) and noxious (pinprick)
mechanical stimuli after virus injection compared to control injected animals. Most profound was
the significantly increased latency to cold stimuli compared to control injected mice. Already on
day 5 after injection, a significant difference was observed, which even enlarged until day 11 post
injection. In contrast, no difference was found in the withdrawal latency to heat stimuli
(Hargreaves test) (Fig. 5B). I next investigated the role of PKCγ expressing neurons in the
development and maintenance of neuropathic pain. At the sciatic nerve ipsilateral to the virus
injection site a constriction injury was performed (Bennett and Xie, 1988). After 4 days both the
wild type and PKCγiCre mice showed a clear sensitization to mechanical stimuli (von Frey).
However, after one and two weeks the withdrawal threshold of the control animals further
decreased, whereas the withdrawal threshold of the ablated animals did not. One week and two
weeks after CCI surgery the thresholds differed significantly. In contrast, the ablated animals did
not develop any sensitization to thermal stimuli after CCI surgery. Since these were the same
mice as used in the von Frey assay, an inefficient CCI surgery could be ruled.
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Fig. 5 Behavioral analysis of PKCγiCre mouse line injected with vectors carrying flex.DTA cassette
A) Schematic of the AAV.flex.DTA injected into the lumbar segment of the spinal cord of heterozygous PKCγiCre
mice and wt controls.
B) Innocuous and noxious mechanical sensitivity measured by brush and pinprick, respectively, did not differ
between control injected and ablated mice. Sensitivity to cold stimuli (dry ice) was significantly decreased by 5
days after ablation. Withdrawal latencies to thermal stimuli remained normal in the mice with ablated PKCγ
neurons. (ablated n = 8; control n = 6; # significant to control animal’s ipsi lateral side, # P < 0.05, ## P < 0.01,
### P < 0.001; Two-way ANOVA F(9, 72) = 3.1 (pinprick); F(9, 72) = 2.5 (brush); F(9, 72) = 2.8 (cold) followed
by Bonferroni post hoc test)
C) Nerve injury induced a significant sensitization to mechanical stimuli (von Frey) in both groups by day 4 after
CCI surgery. The withdrawal of the control animals further decreased one and two weeks after CCI surgery and
differed significantly from the withdrawal thresholds of the ablated animals. Withdrawal latencies to thermal
stimuli of control mice decreased after CCI surgery, which was not observed in ablated animals. The control
animals exhibited significant lower withdrawal latencies than ablated animals. (Same mice as in B; #=significant to
control animal’s ipsi lateral side, #P < 0.05, ##P < 0.01, ###P < 0.001; Two-way ANOVA F(12, 96) = 3.2 (von
Frey); F(12, 96) = 9.4 (Hargreaves) followed by Bonferroni post hoc test.
All values are means ± SEM.
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Behavioral analysis of PKCγiCre/iCre
We next crossed the heterozygous PKCγiCre mice to obtain PKCγ deficient mice (Fig. 6A).
Malmberg et al 1997 had shown the PKCγ deficient animals did not develop neuropathic pain
after CCI surgery (Malmberg et al., 1997). The PKCγ deficient mice were then tested for noxious
cold, heat and mechanical stimuli. Also their response to tactile stimuli was assessed. In the
noxious cold and brush test a trend towards desensitization in PKCγ deficient mice was noticed,
however no significant differences in PKCγ mutant animals and their wild type littermates were
observed (Fig. 6B). Since a trend for increased paw withdrawal latency to cold stimuli was
observed, the direct activation of the cold detecting channel TRPM8 was tested. Icilin is a direct
agonist of the TRPM8 channel and was injected subcutaneously into the plantar surface of the
hindpaw. Again a trend to reduced nocifensive behaviour to the cold-mimetic icilin was observed
(Fig. 6C). In the RotaRod test, the PKCγ mutant animals performed significantly worse which
was already described previously (Fig. 6D) (Abeliovich et al., 1993a, Abeliovich et al., 1993b).
Next the mice underwent CCI surgery, which induces a robust neuropathic pain syndrome after 7
days (Bennett and Xie, 1988). Compared to wt littermates undergoing the same surgery, PKCγ
mutant animals had significantly higher latency to thermal and mechanical stimuli (Fig. 6E).
Taken together, the PKCγ deficient mice recapitulated previous findings and also in more refined
somatosensory tests normal response rates were observed.
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Figure 6 (legend on next page).
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Fig. 6 Behavioral analysis of PKCγiCre/iCre mouse line
A) Dorsal horn of PKCγiCre/iCre were stained with antibodies for PKCγ neurons to visualize the loss of PKCγ
expression in homozygous mice. On the left side a wt littermate on the right side a dorsal horn of a mouse
homozygous for the iCre allele.
B) Innocuous and noxious mechanical sensitivity measured by brush (innocuous), von Frey and pinprick (latter
both noxious) did not differ between control littermates and mutant mice. Sensitivity to heat (Hargreaves) and cold
stimuli (dry ice) was normal in mutant mice. (mutant n = 5; control n = 6)
C) The cold-mimetic icilin induced the same nocifensive behavior in both groups littermates and mutant mice.
(mutant n = 4, control n = 6; unpaired t-test P = 0.7)
D) PKCγ mutant mice performed significantly worse on the RotaRod compared to littermates. (mutant n = 5;
control n = 6; unpaired t-test P < 0.05; same mice as in B)
E) Nerve injury induced a significant sensitization to mechanical stimuli (von Frey). This decrease was
significantly different from the paw withdrawal threshold from mutant mice two weeks after surgery. Compared
with the uninjured site the mutant mice only developed 4 days after surgery a significant sensitization, which was
vanished after 1 week. CCI produced a significant reduction in paw withdrawal latencies to a heat stimulus in
control littermates two weeks after surgery, whereas no reduction was observed in the mutant mice. (Same mice as
in B; *=significant to contra lateral side, *P < 0.05, ***P < 0.001; #=significant to littermate’s ipsilateral side,
#P < 0.05; Two-way ANOVA F(9, 54) = 4.1 (von Frey); F(9, 54) = 1.4 (Hargreaves Test), followed by Bonferroni
post hoc test)

Generation of PKCγSTOP-iDTR-eGFP mouse line
A PKCγSTOP-iDTR-eGFP mouse line would enable the expression of a Cre dependent diphtheria toxin
receptor (iDTR) and a fluorescence reporter under the regulatory control of the PKCγ promoter.
As in the PKCγiCre mouse line the iCre expression recapitulated the endogenous PKCγ gene
expression, a similar strategy was chosen to generate a PKCγSTOP-iDTR-eGFP mouse line. In order to
alter as little genomic sequence as possible and to preserve the regulatory function of intron 1, the
insertion of the construct into exon 2 was decided. To prevent initiation of translation from the
endogenous ATG located in exon 1, the endogenous Kozak sequence was destroyed and replaced
by an NdeI restriction site. Further the start codon of the Hbegf receptor was improved to the
Kozak consensus ACCATGG to ensure an optimal translation. In order to enable the
visualization of PKCγ positive neurons in dorsal horn section, an eGFP expression cassette
preceded by IRES (internal ribosomal entry site) was inserted after the Hbegf receptor. The
STOP-iDTR-IRES-eGFP cDNA was flanked on both sides by genomic DNA homologous to
567 bp upstream and 477 bp downstream of exon 2. The whole mini-targeting vector was
verified by sequencing, before the recombineering of the mini-targeting vector with the retrieval
plasmid (vector containing the long homology arms) was performed. The retrieval plasmid
contains a 10 kbp homology arm upstream and 4 kbp downstream of the start codon. After
recombineering the STOP-iDTR-IRES-eGFP cDNA was flanked on both sides by genomic DNA
homologous to 9’858 bp upstream and 4’049 bp downstream of the 5’ and 3’ ends of the start
codon, respectively (Fig. 7A).
For ES cell electroporation 100μg of the vector harboring STOP-iDTR-IRES-eGFP cDNA
flanked by the long homology arms were linearized using AscI. The construct was handed over in
ethanol to the Institute für Labortierkunde (LTK) for electroporation. LTK performed the
electroporation of the linearized construct into JM8N4 ES cells (C57BL/6NTac) and picked 384
clones positively selected for neomycin resistance.
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DNA of electroporated ES cells clones was digested with PstI and hybridized with a 3’ probe
binding outside of the 3’ homologous arm of the construct to identify ES cell clones with
correctly recombined 3’ arm by a shift from 10’274 bp (wt) to 12’194 bp (targeted). To test for a
correctly recombined 5’ arm, ES cell DNA was digested with SpeI and hybridized with two
different probes. A probe detecting eGFP revealed a fragment of 18’514, whereas a probe against
PGK detected two fragments 13’645 bp and 750 bp in recombined and wt genomic DNA
respectively. To verify the mutated PKCγ start codon, ES cell DNA was digested with NdeI and
hybridized with an eGFP probe, which revealed the expected 10’190 bp fragment in case of a
mutated start codon instead of 15’439 bp if it was not mutated. These four Southern blots
revealed three positive clones (E7/G7/H8), which were then expanded and a verification Southern
blot was performed with the same strategy as described above (Fig. 7B). For the time being the
positive ES cells are on standby and the focus is set on the analysis of the PKCγiCre mouse.
However, a PKCγSTOP-iDTR-eGFP mouse line would enable the expression of a reporter protein
independent of PKCγ specific recombination. By using the HoxB8::Cre mouse line the
recombination can occur already early in development and the expression of eGFP is then under
the control of the PKCγ promoter. To address the question of different expression levels of PKCγ
the eGFP intensity of different regions can be compared. The fluorescence would also enable the
visualization of DTX mediated ablation of the PKCγ expressing neurons and would allow the
analysis of biophysical properties of these neurons.

Fig. 7 Strategy for the PKCγSTOP-iDTR-eGFP mouse line
A) Schematic showing the Prkcg locus and strategy used to insert a STOP-iDTR-IRES-eGFP cassette into exon 2.
The different probes and restriction sites are depicted with corresponding colors. The NdeI restriction site is
replacing the endogenous start codon of the Prkcg gene.
B) Positive ES clones were verified with 4 different restriction enzymes and probes combinations. All four digests
and subsequent hybridizations with different probes showed a nonambiguous and specific fragment pattern.
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Material and Methods
Generation of mice
Targeted modification of the PKCγ locus
The recombeering method was used to prepare a vector for targeted modification of the Prkcg
locus (Liu et al., 2003). Two primer pairs were used to amply the 5’ end and 3’ end of a part of
the Prkcg locus. The two short homology arms were subcloned in pBluescript to obtain the
retrieval plasmid. Then, the retrieval plasmid was linearized with BamHI and subsequently, via
the process gap repair, a sequence of around 14kb was retrieved from the BAC (RP23276K21;
C57/Bl6 libary). For the recombination SW102 was used, which is a bacteria strain containing a
defective λ prophage with recombination proteins being controlled by a temperature-sensitive
repressor. The retrieval plasmid was transformed into electrocompetent SW102 bacteria. The
construct PGK-NEO-STOP-iDTR-IRES-eGFP was flanked at the 5’ and 3’ arm with homologous
arms to the start codon region of the PKCγ gene. This plasmid was then transformed into
electrocompetent SW102 bacteria harboring the retrieval plasmid and by using a heat shock, the
recombination proteins were activated. The positive clones were selected on kanamycin plates
and incubate at RT for several days.
Positive clones were sequenced and prepared for ES cell electroporation (GenElute Endotoxinfree Plasmid Maxiprep Kit, Sigma Aldrich), 100 μg of the PKCγiCre and PKCγSTOP-iDTR-eGFP
constructs were linearized using AscI and handed over to the LTK for electroporation. LTK
performed the electroporation of the linearized constructs into JM8N4 ES cells (C57BL/6NTac)
and picked 384 clones positively selected for neomycin resistance.

Southern Blot
The Southern Blot method was based on Maniatis (Wood, 1983). Around 10 µg of genomic DNA
from ES cells were digested overnight in 100 µl volume. The digested DNA is precipitated by
using the isopropanol precipitation and dissolved in 30 µl water. The whole amount of DNA was
loaded on a 0.8% Agarose gel and run at 25 V overnight. The next day a picture with an aligned
ruler was taken. The gel was then washed for 10 mins in 0.2 M HCl. After rinsing in deionized
water, the gel was denatured two times for 20 minutes in the denature buffer (0.5 M NaOH and
1.5 M NaCl). Then the blotting sandwich was built up and the DNA transferred with 10X SSC to
a nylon membrane (MS® Nylon membrane, 0.45 µm pore size, membrane solutions) overnight.
The next day, the membrane was washed in 2XSSC and dried on a dry Whatman paper. Then the
DNA was crosslinked to the membrane by using a UV Stratalinker® (Stratagene). The probes
were amplified from the BAC (RP23 276 K21) or plasmids and then labeled with radioactive
[α−32P]dCTP by using the Prime-It II Random Primer Labeling Kit (Cat#300385, Agilent
Technologies). The dry membrane was carefully wetted in 2X SSC, rolled and put in a glass
bottle for prehybridization at 63 °C for 60 minutes in the hybridization buffer (5X SSC,
5X Denhardts (Cat# 750018, Thermo Scientific, Switzerland), 10% SDS, and 100 µg/ml sperm
DNA (Cat# A2159, AppliChem, Switzerland). The radiolabeled probe was added in fresh
hybridization buffer and the membrane hybridized overnight at 62 °C. The following day, the
membrane was washed two times in 2X SSC for 5 minutes, then 30 minutes in
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1X SSC/0.1% SDS and again 30 minutes in 0.1X SSC/0.1% SDS. Then the membrane was
exposed to Kodak film (Cat# Z363006-50EA, Sigma Aldrich, Switzerland) for 3 - 10 days.

Mouse maintenance
Mice were kept in barrier and OHB animal facilities according to institutional guidelines.
PKCγiCre mice were generated and Rosa26tdTomato (Madisen et al., 2010, Abe and Fujimori, 2013)
was purchased from Jackson Laboratory. All animals were maintained on a C57Bl/6 background
and as heterozygous animals. DNA for genotyping was prepared from ear biopsies. Presence of
the iCre allele was tested by PCR using the following primer pairs: for iCre (565 bp product) 5'CCCCTGTCCTTCCTATCTCA-3' (Prkcg-ko-fwd) and 5'-TGAACGCACTGACTTTGAC-3'
(middle-iCre-rev), for Exon1-wt (235 bp) 5'-CCCCTGTCCTTCCTATCTCA-3' (Prkcg-ko-fwd)
and 5'-TTGAAGAAACGAGCGGTGAA-3' (Prkcg-ko-rev).

Intraspinal Injection
C57Bl/6 mice of mixed sexes (6-10 weeks old) were anesthetized with isoflurane (4% for
induction, 1.5% during virus injection). Before the surgery started, the animals were injected i.p.
with 0.03 mg/kg buprenorphine. The mice were immobilized on a motorized stereotaxic frame
(David Kopf Instruments and Neurostar). Lumbar vertebrae L4 and L5 were exposed, and the
vertebral column was fixed using a pair of spinal adaptors. The vertebral lamina and dorsal
spinous process were removed to expose the L4 segment. The dura was perforated about 500 μm
left of the dorsal blood vessel using a beveled 27G needle. With glass capillaries (tip diameter
around 40 μm) attached to a 10 μl Hamilton syringe, viral vectors were injected at a depth of
200 - 300 μm. The rate of injection was controlled using a PHD Ultra syringe pump with a
nanomite attachment (Harvard Apparatus, Holliston, MA). The micropipette was left in place for
5 mins after the injection. Afterwards, wounds were sutured (5/0 Dafilon, Braun) and the animal
allowed to recover on a heat mat.

Behavioral Tests
Adult PKCγiCre mice (6 – 7 weeks old) and for behavioral analysis age and sex matched wt control
animals were used. Each animal received three unilaterally injections (500 nl) at level L3 – L5
with AAV.flex.DTA (8.79 x 109 virus particles / injection). Baseline thresholds were recorded
before surgery and after 4 days, 7 days and 11 days. On day 12 post virus injection, the animals
were subjected to a chronic constriction injury of the sciatic nerve ipsilateral to the virus injection
side (Bennett and Xie, 1988). Baseline thresholds were recorded 4 days, 1 week and 2 weeks
after CCI surgery. All stimuli were applied to the part of the plantar surface of the hindpaw,
which was innervated by the primary afferent fibers terminating at the site of injection. The same
area was stimulated at the contralateral side of injection.
AAV.flex.DTA was cloned in-house and packaged at the Penn Vector Core (Perelman School of
Medicine, University of Pennsylvania) using their custom service.
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Adult PKCγiCre/iCre mice (6 – 7 weeks old) and wt littermates were subjected to a chronic
constriction injury of the sciatic nerve (Bennett and Xie, 1988). Baseline thresholds were
recorded before surgery and after 4 days, 1 week and 2 weeks.

Von Frey – innocuous mechanical stimuli
Before testing, the animals were placed in plastic boxes with overall inside dimensions of 7.5 cm
x 7.5 cm x 30 cm and acclimated on an elevated mesh for 30 minutes to 1 hour. Innocuous
mechanical sensitivity was assessed with dynamic von Frey filaments (7 g, IITC, Woodland Hills,
CA). The filament was gently applied to the plantar side of the hindpaw until the filament bent or
the animals withdrew the paw. 4-6 measurements were taken per data point and animal, and
averaged. Ipsi- and contralateral paws were measured alternately.

Hargreaves – thermal stimuli
Before testing, the animals were placed in plastic boxes with overall inside dimensions of 7.5 cm
x 7.5 cm x 30 cm and acclimated for 30 minutes to 1 hour on a glass table warmed to 30 °C.
Then a radiant heat stimulus with a defined intensity was applied to the plantar surface of a
hindpaw and the time until the paw was withdrawn or flinched was measured (IITC, Woodland
Hills, CA). 4-6 measurements were taken per data point and animal and averaged. Between two
stimuli applied to the same paw, a break of at least 7 minutes was made. Ipsi- and contralateral
paws were measured alternately (Hargreaves et al., 1988).

Cold – noxious cold stimuli
Before testing, the animals were placed in plastic boxes with overall inside dimensions of 7.5 cm
x 7.5 cm x 30 cm and acclimated for 30 minutes to 1 hour on a 5 mm thick glass table for
30 minutes to 1 hour. Then a dry ice pellet was applied to the underside of the glass underneath
one paw of the animal and the time until a paw withdrawal occurred was measured.
4-6 measurements were taken per data point and animal, and averaged. Between two stimuli
applied to the same paw, an interval of at least 7 minutes was kept. Ipsi- and contralateral paws
were measured alternately (Brenner et al., 2012).

Pinprick – noxious mechanical stimuli
Mechanical pain was analyzed with the pinprick test. Before testing, the animals were placed in
plastic boxes with overall inside dimensions of 7.5 cm x 7.5 cm x 30 cm and acclimated on a
mesh for 30 minutes to 1 hour. The plantar surface of the hindpaw was touched with the tip of a
bent 26 gauge needle applying a force sufficient to produce a reflex withdrawal response but
without damaging the tissue. The pin stimulation was repeated 10 times with a 1-2 min interval in
between, and the percentage of paw withdrawals was calculated (Bourane et al., 2015).
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Brush – dynamic touch test
The brush test was used to assess sensitivity to dynamic light touch. Mice were placed in plastic
boxes with overall inside dimensions of 7.5 cm x 7.5 cm x 30 cm and acclimated on an elevated
wired mesh for 30 minutes to 1 hour. The plantar surface of the hindpaw was lightly stroked from
heel to toe with a soft paintbrush. The brush stimulation was repeated 10 times with a 1-2 min
interval in between, and the percentage of paw withdrawals was calculated (Bourane et al., 2015).

Icilin test – TRPM8 activation
Icilin activates TRPM8 channels, a Ca2+-permeable nonselective cation channel, which is
expressed in the small DRG neurons. Before testing, the animals were placed in plastic cylinders
with a diameter of 23 cm and acclimated to the experimental environment on a table for
30 minutes to 1 hour. 2.4mg/ml (10µl, dissolved in 20%DMSO/80% PBS 7.4 pH) icilin was
injected subcutaneously into the plantar surface of the left hindpaw. Time spent licking of the
injected paw was counted for 20 minutes in 5-min intervals starting immediately after icilin
injection.

CCI surgery
Chronic constriction injury was performed as described previously (Bennett and Xie, 1988).
Mice were anesthetized with Isoflurane (induction 5%, maintenance 2%) delivered in oxygenenriched air. Once anaesthetized, the skin over the left hind limb was shaved and sterilized with
iodine. The sciatic nerve was exposed at the mid-thigh level proximal to the sciatic trifurcation
by blunt dissection through the biceps femoris muscle. Around 5 mm of the nerve were freed of
adhering tissue and three loose ligatures with silk (4/0) were put around the nerve with around
1 mm spacing. The ligatures were tied until they elicited a small reflex in the corresponding paw.
The surgical wound was then closed with suture (5/0 Dafilon, Braun).

Morphological analysis
Adult PKCγiCre mice (6 – 7 weeks old) were used. Each animal received three unilaterally
injections (500 nl) at level L3 – L5 with AAV.flex.eGFP (2.58 x 1010 virus particles / injection).
To enable maximum infection rate by the virus and sufficient level of eGFP expression, the
animal were perfused only 10 days later.
AAV.flex.eGFP were cloned in-house and packaged at the Penn Vector Core (Perelman School of
Medicine, University of Pennsylvania) using their custom service.
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Immunohistochemistry
Mice were deeply anesthetized with an overdose of pentobarbital (Nembutal, 50 mg/kg i. p.). The
heart was exposed rapidly and a butterfly needle was inserted into the left ventricle. The right
atrium was opened and the peristaltic pump started. First, around 20 ml of ice cold ACSF flushed
out all blood, followed by around 100 ml ice cold 2% PFA in PBS pH 7.4. The lumbar spinal
cord was dissected and post-fixed with 4% PFA in PBS for 2 hours on ice. Then the tissue was
cryoprotected overnight in 30% sucrose-PBS at 4 °C. Tissues were then embedded in NEG50.
Cryostat sections (25 µm) were mounted onto Superfrost Plus microscope slides (Thermo
Scientific, Zurich, Switzerland) and stored at -20 °C. The sections were preincubated with 10%
Normal Donkey Serum (NDS) in PBS for 30 minutes and then incubated with primary antibodies
at 4 °C. Primary antibodies were detected with fluorophore-conjugated secondary antibodies.
Images were captured using a Zeiss LSM 710 microscope.
The following antibodies were used: guinea pig anti-c-Maf (1:10,000, gift from Dr Carmen
Birchmeier, MDC Berlin), chicken anti-GFP (1:1000, Thermo Scientific, Zurich, Switzerland),
guinea pig anti-Lmx1b (1:10,000; gift from Dr Carmen Birchmeier, MDC Berlin), rabbit antiNF200 (1:2000, Sigma, St. Louis, US), rabbit anti-NeuN (1:3000, Abcam, Cambridge, UK),
rabbit anti-Pax2 (1:400; Invitrogen, Carlsbad, USA), rabbit anti-PKCγ (1:1000, Santa Cruz,
Dallas, TX, USA), and cyanine 3 (Cy3)-, Alexa Fluor 488-, DyLight 488-, 647- and
649-conjugated donkey secondary antibodies (Dianova, Hamburg, Germany).
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-Neofluomnmmnmnmnnr
oil-immersion objective and ZEN2012 software (Carl Zeiss).
Whenever applicable, contrast, illumination, and false colors were adjusted in ImageJ or Adobe
Photoshop (Adobe Systems, Dublin, Ireland). For cell counts in tissue sections, section were
prepared from at least three animals and at least three sections were analyzed per animal. In order
to avoid double counting of cells in adjacent sections, all sections used for quantification were
taken at a rostro-caudal distance of at least 50 μm. Numbers of immunoreactive cells were
determined using the ImageJ Cell Counter plug-in.
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Discussion
Discrepancy between PKCγ immunoreactivity and PKCγiCre activity
Antibody staining of spinal cord sections against PKCγ typically reveals a dense band of neurons
at the border between lamina IIi and lamina III. By using three different methods the expression
of iCre was analyzed and a more abundant expression was found. The in situ hybridization
revealed intense signals at the border between lamina IIi and lamina III and less intense signal in
the superficial dorsal horn. In addition the experiments with the Cre dependent AAV.flex.eGFP
revealed eGFP expression not only in excitatory (Lmx1β) but also in inhibitory (Pax2) positive
neurons. It is possible that the expression levels of PKCγ in the more superficial layers is too
weak to obtain detectable signals with typical antibody staining. This hypothesis of different
PKCγ levels was supported by the finding that the highly sensitive RNAscope in situ
hybridization revealed cells with high and low levels of PKCγ mRNA transcripts (Fig. 3). In fact,
a previous study demonstrated weakly IR PKCγ neurons, which were predominantly found in
lamina I and outer lamina II (Polgar et al., 1999). A considerable amount of the eGFP positive
cells colocalized with the inhibitory marker Pax2. Indeed weakly IR PKCγ neurons were shown
to possess GABA but not glycine immunoreactivity (Polgar et al., 1999).
On a gross scale, the in situ hybridization recapitulated the iCre mRNA expression in PKCγ
expressing neurons, as 71 ± 6% of the PKCγ transcript positive cells were also positive for iCre
transcripts. A reason for the incomplete overlap of PKCγ and iCre mRNA expression might be
the targeting strategy. The iCre cassette was recombined into exon 1 of the Prkcg locus and
thereby inserting a strong polyadenylation (polyA) site after the transgene. The polyA signal is
important to increase stability and translation efficiency of transgene mRNA. However, also the
untranslated regions (UTRs) at the 3’ end of the mRNA transcripts play a crucial role in the
regulation of the respective mRNA and other regulatory processes in the cell (Wickens et al.,
1997). The polyA site of the iCre transgene inserted before the 3’UTR of the Prkcg gene might
lead to a loss of the regulatory function of the 3’UTR and therefore iCre expression became
aberrant and differed from the endogenous PKCγ expression (Hager et al., 2008, Matoulkova et
al., 2012).

Coding of sensory modalities
It is assumed that distinct sensory modalities are activating specific circuitries, which involve
different populations of dorsal horn interneurons. For example, the PKCγ interneurons in the
dorsal horn might create a pivotal link between primary afferent input and projection neurons
carrying information from the spinal cord to the brain. The analysis of PKCγ ablated mice
provided evidence that somatosensory inputs to the spinal cord were processed and transmitted in
a sensory modality specific manner, as only the sensation of mechanical and cold stimuli was
affected but not heat (Fig. 5).
Various interneuron populations have been described to be activated by distinct sensory
modalities. Two studies demonstrated that light touch is gated by RORα interneurons in laminae
IIi/III (Bourane et al., 2015), whereas mechanical pain is modulated by somatostatin neurons in
lamina II (Duan et al., 2014). Polgár et al. reported that galanin and neuropeptide Y (NPY)
positive neurons are activated by mechanical, thermal and chemical input, whereas nNOS
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expressing neurons got activated by noxious thermal stimulation and formalin injection (Polgar et
al., 2013). Furthermore, parvalbumin (PV) expressing cells, analyzed in the same study, did not
express an activity-dependent marker. Only recently, the activity of these neurons was shown to
prevent innocuous mechanical input from activating nociceptive mechanical circuits, while the
transmission of noxious thermal inputs was unchanged (Petitjean et al., 2015). In addition, they
found that PV interneurons synapse onto PKCγ interneurons. As already demonstrated earlier, in
PKCγ mutant mice nerve injury produced a significant reduction in paw withdrawal thresholds to
thermal and mechanical stimuli (Malmberg et al., 1997). This result could be replicated with the
generated PKCγiCre/iCre mutant mice, which did not develop hypersensitivity towards thermal and
mechanical stimuli after CCI surgery (Fig. 6E). In contrast to PKCγ deficient mice, the ablation
of PKCγ neurons by AAV.flex.DTA led to significantly decreased responses to light touch and
significantly increased withdrawal latencies to cold (Fig. 5B). Furthermore, after CCI surgery
mice with ablated PKCγ expressing neurons developed significantly less mechanical allodynia
and thermal hyperalgesia compared to control wild type mice (Fig. 5C). Unfortunately, Petitjean
et al. did not test whether activation of PV neurons also alleviates thermal hyperalgesia after
peripheral nerve injury (Petitjean et al., 2015). In the capsaicin-induced inflammatory pain model
they demonstrated that activation of PV neurons only increased mechanical threshold without
affecting thermal hyperalgesia. No data were found about how the thermal and mechanical
sensitivities of PKCγ mutant mice in the capsaicin model change.
It might well be that only a subpopulation of PKCγ expressing neurons play a role in the
establishment of mechanical allodynia after nerve injury. IR PKCγ interneurons can be
subdivided into at least 2 morphologically and functionally different subpopulations (AlbaDelgado et al., 2015). A recently revealed microcircuit demonstrated that excitatory somatostatin
cells play an important role in both static and dynamic mechanical allodynia. Interestingly, a
subset of these neurons coexpresses PKCγ (Duan et al., 2014). The somatostatin positive subset
of IR PKCγ neurons might be involved in the development and maintenance of mechanical
allodynia.
Especially the finding that more neurons express PKCγ than detected with
immunohistochemically analysis supports the existence of even more than two subpopulations
among the PKCγ positive neurons (Fig. 3). The question whether the level of PKCγ present in the
neuron plays a functional role, remains elusive. Protein phosphorylation by PKCγ is a key
element for the regulation of NMDA receptor function. Phosphorylated NMDA receptors lead to
an enhanced glutamate response and to a long-term potentiation of synaptic transmission (Chen
and Huang, 1992, Tanaka and Nishizuka, 1994, Suen et al., 1998). This central hyperactive state
might reflect the maladaptive change following peripheral nerve injury. The activation of NMDA
receptors is a crucial step in both the initiation and maintenance of activity-dependent central
sensitization (Woolf and Thompson, 1991, South et al., 2003, Scholz et al., 2005). However, a
direct correlation between PKCγ protein level and the extent of NMDA receptor phosphorylation
remains to be determined.
The results suggest a role of the enzymatic activity of PKCγ in the sensitization under neuropathic
pain states, since PKCγ deficient mice became less sensitized after CCI surgery to mechanical
(von Frey) stimuli and heat (Hargreaves). In contrast, the enzymatic activity of PKCγ is not
crucial for the proper transmission of acute pain signals. It might well be that strong IR PKCγ
neurons located at the border of laminae IIi and III need PKCγ to generate and maintain
neuropathic pain states. In contrast, PKCγ expressing projection neurons play an important role
in acute pain signal transmission, but do not need PKCγ for this task. The existence of PKCγ
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positive neurons in lamina I and III coexpressing neurokinin 1 receptor (NK1R) a marker for
ascending projection neurons was demonstrated (Polgar et al., 1999, Todd, 2010). Interestingly,
NK1 receptor expressing projection neurons were described to be important for nociception, the
development of hyperalgesia and central sensitization in chronic pain states (Mantyh et al., 1997,
Felipe et al., 1998, Woolf and Salter, 2000).

PKCγ neurons are not only local interneurons, but also projection neurons
The presence of cell bodies in lamina I, the lateral spinal nucleus (LSN) and fibers in the
corticospinal and spinothalamic tract may indicate the existence of PKCγ expressing projection
neurons. So far, the lamina I projection neurons cannot be subdivided into homogeneous
subgroups. Around 80% of lamina I projection neurons are characterized by the expression of
NK1 receptor (Todd et al., 2002). By selectively ablating these projection neurons, the
development of hyperalgesia in neuropathic and inflammatory pain models was prevented
(Mantyh et al., 1997). PKCγ positive neurons were found in laminae I and III and were
colocalized with weak or strong to moderate NK1 receptor staining, respectively (Polgar et al.,
1999). The finding of fibers in flex.eGFP injected animals might be a visualization of these
neurons (Fig. 4F). To identify potential termination sites of ascending fibers, brains from
flex.eGFP injected mice could be analyzed.
Pyramidal cells in layer V of the cerebral cortex should be labeled with eGFP as nerve fibers
originating from these cells were visible in the corticospinal tract (Fig. 4F). Since some time,
PKCγ immunoreactivity was demonstrated in the corticospinal tract in the ventral part of the
dorsal column (Mori et al., 1990, Malmberg et al., 1997, Polgar et al., 1999). The PKCγ levels
were significantly reduced in the corticospinal tract in the animal model experimental
autoimmune encephalomyelitis (EAE) which is used to study the pathophysiological mechanism
of multiple sclerosis (Baxter, 2007). Interestingly, mice with EAE and thus reduced PKCγ levels
exhibited signs of cold and tactile allodynia (Olechowski et al., 2009). Exactly the opposite
phenotype observed in PKCγiCre mice injected with a flex.DTA vector (Fig. 5B). Furthermore, in
EAE mice a more persistent noxious stimulus such as formalin induced a significantly decreased
response rate (Olechowski et al., 2010). The authors demonstrated that EAE triggered a
significant reduction of the PKCγ levels primarly in the CST, whereas no significant changes
were observed in the superficial dorsal horn (Olechowski et al., 2009).
Very intense fluorescence was obvious in the lateral spinal nucleus (Fig. 4F). The LSN is located
in the dorsolateral funiculus and is functionally only poorly understood. The conclusions of an
unpublished doctoral thesis stated that LSN is less involved in nociception than initially thought.
The revealed projection to the hypothalamus, however, might allocate an integrative function to
the LSN for autonomic and homoeostatic functions (Rea, 2009). In addition, retrograde labeling
from the lateral parabrachial area (LPb) and caudal ventrolateral medulla (CVLM) by using
fluorogold and cholera toxin B subunit (CTb) respectively, neurons of the LSN were labeled for
both markers (Todd, 2010).

PKCγSTOP-iDTR-eGFP mouse line
A PKCγSTOP-iDTR-eGFP mouse line would enable the expression of a reporter protein independent of
PKCγ specific recombination. By using the HoxB8::Cre mouse line the recombination can occur
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already early in development and the expression of eGFP is then under the control of the PKCγ
promoter, which would allow the use of the mouse line as a reporter line. To address the question
of different expression levels of PKCγ the eGFP intensity of different regions can be compared.
The fluorescence would also enable the visualization of DTX mediated ablation of the PKCγ
expressing neurons. Also for the analysis of the biophysical properties the fluorescence is helpful.
If different levels of eGFP expression allow the grouping of neuronal populations, biophysical
properties could be assessed for the different subpopulations.
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Aim
A specific population of excitatory interneurons in the deeper dorsal horn of the spinal cord is
characterized by the expression of cholecystokinin (CCK). Initial experiments in our group
revealed that immunoreactive (IR) protein kinase C γ (PKCγ) neurons constitute a subpopulation
of the CCK expressing interneurons. Since IR PKCγ neurons are described to play an essential
role in the establishment and maintenance of neuropathic pain (Mao et al., 1995, Malmberg et al.,
1997, Polgar et al., 1999), the analysis of the CCKCre and PKCγiCre mouse lines shall allow the
concise analysis of excitatory subpopulations located in the deeper dorsal horn. By using a
CCKCre mouse line, CCK positive neurons shall be analyzed regarding their morphological
features and their role in somatosensory processing. Furthermore, viral tracing systems shall
allow the elucidation of the primary sensory input into the CCK positive neurons and their
postsynaptic targets.
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Abstract
Excitatory dorsal horn interneurons participated in the processing of pain and itch messages by
activated primary afferents (Wang et al., 2013). In the present study I focus on the investigation
of a certain subpopulation of excitatory interneurons characterized by the expression of the
neuropeptide cholecystokinin (CCK). By using a transgenic mouse line carrying both CCKCre and
Rosa26tdTomato, the CCK interneurons were analyzed for the expression of additional markers.
This analysis revealed three distinct subsets of the CCK interneurons. First, 29 ± 2% of the
tdTomato positive neurons expressed only tdTomato. Second, the transcription factor c-Maf was
coexpressed in 44 ± 2% t neurons. Third, the immunoreactive (IR) PKCγ population accounted
for 27 ± 2% of the tdTomato population, whereas vice versa all IR PKCγ neurons coexpressed
CCK. Double transgenic CCKCre;Rosa26tdTomato mice were used to locally ablate CCK
interneurons by three unilateral injections of AAV.flex.DTA into the L3 – L5segments of the
spinal cord. Ablation of CCK interneurons led to a desensitization to cold by 5 days after virus
injection and further enlarged until day 18 after virus injection. TRPM8 is a cation channel,
which is activated by cold temperatures (8 - 30°C) and is expressed in a distinct subpopulation of
sensory neurons. To assess whether CCK interneurons contribute to the processing of cold
stimuli mediated by TRPM8 expressing fibers, animals with ablated CCK interneurons received
an injection of icilin, a selective TRPM8 agonist, into the plantar surface of the ipsilateral paw.
The CCK interneurons ablated animals exhibited a significant reduced response to icilin
compared to control injected animals. Taken together, these results demonstrate that CCK
neurons might be an important component in the cold sensing circuit.
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Introduction
Bodily sensations such as temperature, touch or pain are transmitted by primary afferent fibers to
the dorsal horn of the spinal cord. Here, the modulation and integration of sensory information is
regulated and eventually relayed to higher brain regions by engaging projection neurons. A
network of local excitatory and inhibitory interneurons and supraspinally derived input may be
responsible for the regulation of incoming sensory information. This regulation might be as
important for pain perception as primary afferent fibers and projection neurons (Braz et al., 2014).
Allan Basbaum’s group generated a knockout mouse lacking excitatory dorsal horn interneurons.
In these mice, supraspinally integrated pain and itch behaviors to painful and itch-inducing stimuli
were strongly reduced (Wang et al., 2013).
Excitatory interneurons located in lamina IIi and deeper are hypothesized to receive direct input
from low-threshold Aβ, possibly Aδ fibers and C-LTMRs (low-threshold mechanoreceptors), and
then activate projection neurons of lamina I. Under normal conditions, this excitatory drive to the
superficial dorsal horn is inhibited by inhibitory interneurons, which might even be enhanced by
low-threshold afferents. However, the development of nerve injury-induced pain hypersensitivity
is associated with a disinhibition in the dorsal horn of the spinal cord. Thus primary
afferent-derived innocuous input can gain access to the projection neurons in lamina I and thereby
leading to mechanical allodynia and thermal hyperalgesia (Keller et al., 2007, Neumann et al.,
2008, Miraucourt et al., 2009, Seal et al., 2009, Braz et al., 2014).
The existence of connections from the low-threshold mechanoreceptive pathway to the
nociceptive pathways was shown previously by pharmacological blockade of glycinergic and/or
GABAergic synaptic transmission. Whole-cell patch-clamp recordings in acute slices were
performed to describe the nature of primary afferent input. NK1R+ projections neurons in
lamina I only received significant Aβ fiber input if local glycinergic and GABAergic inhibition
was blocked by strychnine and bicuculline, respectively. Whereas under normal conditions,
NK1R+ cells in lamina III received Aβ monosynaptic input (Torsney and MacDermott, 2006).
Recently, a somatosensory circuit was suggested, which involves a central disinhibition
mechanism for enhance cold sensitivity (McCoy et al., 2013, McCoy and Zylka, 2014). The
existence of an inhibitory interneuron was demonstrated, which monosynaptically connects
capsaicin responsive spinal neurons with spinal neurons activated by icilin responsive primary
afferent fibers (Zheng et al., 2010). After ablation of CGRPα containing DRG neurons a
decreased sensitivity to noxious heat, but increased sensitivity to noxious and innocuous cold was
observed. This enhanced sensitivity was shown to be dependent on TRPM8 (McCoy and Zylka,
2014). In 2002, the transient receptor potential M8 (TRPM8), a Ca2+ permeable nonselective
cation channel, was identified to be present only in a distinct subpopulation of sensory neurons
(Peier et al., 2002). Some TRPM8 positive neurons are myelinated (Neurofilament 200; NF200+),
while other are unmyelinated (NF200-) (Cain et al., 2001, Kobayashi et al., 2005). TRPM8
channels are activated by cold temperatures (30-8°C), the natural ligand menthol and the cold
mimetic icilin. Later studies demonstrated that low concentration of icilin activates almost no
CGRP+ DRG neurons (Knowlton et al., 2010). Interestingly, after intraplantar injection of icilin,
c-Fos was upregulated in neurons in laminae I and II, but the unilateral icilin injection also
activated neurons in laminae III-IV (Knowlton et al., 2010). These data suggest an involvement
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of deeper dorsal horn neurons in the somatosensory processing of innocuous and noxious cold
stimuli.
A subpopulation of the excitatory interneurons in the deeper dorsal horn is marked by the
expression of the neuropeptide cholecystokinin (CCK). In the dorsal horn of the spinal cord, the
main source of CCK appears to be the local interneurons while there is no contribution from
primary sensory afferents, which do not contain CCK under normal circumstances (WiesenfeldHallin et al., 1999). However, after nerve injury, an up-regulation of CCK mRNA was induced in
30% of all ipsilateral DRG neurons (Xu et al., 1993, Xiao et al., 2002). In this project the
morphological and behavioral analyses were planned in order to determine the role of CCK
positive interneurons in spinal sensory processing.
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Results
Morphological analysis
In order to analyze the expression of additional neurochemical markers of CCK neurons in the
spinal cord, CCKCre mice were crossed with a tdTomato reporter strain (Madisen et al., 2010, Abe
and Fujimori, 2013). Paraformaldehyde (PFA) fixed horizontal sections of lumbar spinal cord
were prepared from these double transgenic mice. CCK positive neurons were found in lamina IIi
and deeper. First, the CCK interneurons were assigned to the excitatory and inhibitory population
by using Lmx1β and Pax2, respectively. Interestingly, 95 ± 2% of CCK-tdTomato neurons
coexpressed Lmx1β, while out of 433 tdTomato expressing neurons only one was found to
coexpress Pax2. We therefore concluded, that CCK interneurons marked an exclusively
excitatory subpopulation located in lamina IIi and deeper. Next, the presence of PKCγ (Polgar et
al., 1999) and c-Maf (Hu et al., 2012) in tdTomato expressing neurons was investigated. These
analyses revealed that dorsal horn CCK interneurons can be further divided into at least three
distinct subpopulations. We found that 44 ± 2% of the tdTomato positive neurons expressed the
transcription factor c-Maf, 27 ± 2% were IR PKCγ positive, while 29 ± 2% neurons were negative
for both c-Maf and PKCγ. Coexpression of PKCγ and c-Maf occurred only rarely (3 ±1%)
(Fig. 1).
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Figure 1: Morphological analysis of CCKCre;Rosa26tdTomato double transgenic mice
A) tdTomato positive neurons colocalized with the excitatory marker Lmx1β (~94%; 644 out of 682 neurons; 9 sections
from 3 mice) and spread from immunoreactive PKCγ neurons in lamina IIi to the deeper dorsal horn
B) The vast majority of tdTomato expressing neurons are Pax2 (marker for inhibitory interneurons) negative (1 neurons
out of 433 was Pax2 positive, 9 sections from 3 mice)
C) tdTomato positive neurons that colocalized with c-Maf (~43%; 305 out of 704 neurons; 12 sections from 4 mice) and
PKCγ (~24%; 168 out of 704 neurons; 12 sections from 4 mice) immunoreactivity constituted distinctive subpopulations
of the tdTomato positive neurons. A third subpopulation of tdTomato positive neurons was negative for c-Maf and PKCγ
expression (~30%; 209 out of 704 neurons; 12 sections from 4 mice) Coexpression of PKCγ and cMaf occurred only
rarely (~3%; 22 out of 704 neurons; 12 sections from 4 mice).
D) Quantitative representation of immunohistochemically analyzed CCK-tdTomato cells. Cell counts are representative
of n = 3 - 4 mice, for every mouse the ratio of marker and tdTomato to total tdTomato positive neurons was calculated
individually and then shown as percentage. All values are means ± SEM.
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CCKCre expression in the dorsal root ganglion neurons
Primary afferent fibers do not contain CCK under normal circumstances (Wiesenfeld-Hallin et al.,
1999). Only after nerve injury, an up-regulation of CCK mRNA was induced in 30% of all
ipsilateral DRG neurons (Xu et al., 1993, Xiao et al., 2002). However, CCK might be transiently
active during development and therefore tdTomato expression could be observed in adult mice.
In order to assess the amount of tdTomato positive DRG neurons, naïve double transgenic
CCKCre;Rosa26tdTomato mice were perfused and the DRG neurons were immunohistochemically
analyzed. We found that 73 ± 2% of the tdTomato positive DRG neurons expressed NF200, a
marker for myelinated primary afferent fibers. Therefore, we aimed to distinguish proprioceptive
neurons from TrkB expressing mechanosensitive neurons, by the amount of NF200 and TrkB
double positive tdTomato positive DRG neurons (Kramer et al., 2006). As a result, 37 ± 2%
tdTomato positive DRG neurons expressed NF200 and TrkB. 16 ± 2% tdTomato positive DRG
neurons coexpressed the marker PlexinC1 for nonpeptidergic C fibers (Usoskin et al., 2015) and
10 ± 2% were positive for CGRP, a marker for peptidergic C fibers (Fig. 2).

CCKCre dependent flex.eGFP expression in DRG neurons
Since the expression of CCK-Cre might be only transiently during development, we next
addressed the question, whether also in adult animals CCK is still expressed in some DRG
neurons. Double transgenic CCKCre;Rosa26tdTomato mice received three unilateral injections with
adeno associated virus (AAV) carrying a Cre dependent eGFP expression cassette
(AAV.flex.eGFP) into the segment L3 – L5 of the spinal cord. Unexpectedly, in the
corresponding DRG neurons expressing eGFP but not tdTomato were found and the quantitative
analysis revealed that only 3 ± 2% of all eGFP positive DRG neurons also coexpressed tdTomato
(Fig. 3A). Either the intraspinal injection itself or acute pain stimuli might lead to an upregulation
of CCK in CGRP positive DRG neurons. However, irrespective of exposure to acute pain tests or
not, eGFP positive DRG neurons were found in all animals. The neurochemical analysis of the
eGFP positive DRG neurons disclosed coexpression with CGRP of 65 ± 4%, with PlexinC1 of
34 ± 12% and with NF200 of 25.13 ± 9% (Fig. 3B/C). The reasons of this discrepancy are
unknown and discussed in more detail later.
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Figure 2: CCKCre expression in the dorsal root ganglion neurons
Lumbar DRGs of transgenic CCKCre; Rosa26tdTomato mice were analyzed immunohistochemically.
A) Calcitonin gene-related peptide is a molecular marker of peptidergic nociceptive neurons. 9 out of 92 tdTomato
positive DRG neurons colocalized with CGRP.
B) PlexinC1 is a novel marker to detect nonpeptidergic fibers (Usoskin et al., 2015). 19 out of 125 tdTomato
expressing DRG neurons colocalized with PlexinC1.
C) NF200 is a marker for myelinated fibers and TrkB further subdivides myelinated fibers into mechanoreceptors
of medium size (McMahon et al., 1994, Usoskin et al., 2015). Out of 109 tdTomato positive neurons, 79 were
myelinated (NF200+) and 41 coexpressed TrkB in addition.
D) Quantitative representation of immunohistochemically analyzed CCK-tdTomato cells. Cell counts are
representative of n = 3 mice, for every mouse the ratio of marker and tdTomato to total tdTomato positive neurons
was calculated individually and then shown as percentage. All values are means ± SEM.
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Figure 3: CCKCre dependent flex.eGFP expression in the dorsal root ganglion neurons
The DRGs of transgenic CCKCre;Rosa26tdTomato mice injected with AAV.flex.eGFP (schematic in Fig. 2A) into the
L3 - L5 spinal segment were analyzed immunohistochemically.
A) Unexpectedly, DRG neurons expressed eGFP but not tdTomato. Only 4 out of 214 eGFP positive cells also
coexpress tdTomato. The great majority of eGFP positive cells colocalized with the peptidergic marker CGRP (147
out of 214)
B) Close-up of box in A). Arrowhead shows a cell double positive for eGFP and CGRP, but without tdTomato
coexpression. The arrow points to a double positive eGFP and tdTomato cell, which is CGRP negative.
C) The marker PlexinC1 colocalized with 26 out of 91 eGFP positive cells.
D) Out of 81 eGFP+ DRG neurons, 14 are myelinated as they coexpressed NF200.
E) Quantitative representation of immunohistochemically analyzed CCK-tdTomato cells. Cell counts are
representative of n = 3-5 mice, for every mouse the ratio of marker and eGFP to total eGFP positive neurons was
calculated individually and then shown as percentage. All values are means ± SEM.
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Virus mediated ablation of CCK positive neurons
To analyze the role of CCK expressing spinal neurons in the somatosensory processing, these
neurons were specifically targeted with viral vectors carrying a Cre dependent Diptheria toxin
subunit A (flex.DTA) expression cassette (Fig. 4C). Only neurons expressing CCKCre are able to
flip the DTA cassette and induce DTA expression which subsequently paralyses and kills the cell
(Drazin et al., 1971). First, CCKCre mice received three unilateral injections with AAV.flex.eGFP
into the segment L3 – L5 of the spinal cord (Fig. 4A). Analysis of the eGFP positive cells
revealed that they also colocalized with CCK-tdTomato and thereby demonstrated a selective Cre
dependent recombination in CCK expressing interneurons (Fig. 4B). In a separate experiment
CCKCre mice were injected with three unilateral injections of AAV.flex.DTA into the L3 – L5
segment of the spinal cord, whereas control group mice were injected with AAV.flex.WGA
(Fig. 4C). The mice were then assessed in a battery of behavioral tests of acute pain. Local
unilateral ablation of CCK interneurons let to alteration in pain tests over time. The mice with
ablated CCK interneurons were significantly less sensitive to cold and showed a trend for
desensitization to noxious and innocuous mechanical stimuli. No difference between control and
flex.DTA injected mice was observed in the latency to noxious heat (Hargreaves) and a trend to
reduced responsiveness was seen in tests for innocuous (brush) and noxious (pinprick) mechanical
stimuli (Fig. 4D).
Since mice exhibited significant longer withdrawal latencies to noxious cold after local ablation
of CCK interneurons, the role in cold sensing circuits was further analyzed. I tested their
responses to local subcutaneous injection of icilin a TRPM8 channel agonist into the hindpaw
innervating the virus injected spinal cord segment. In the AAV.flex.DTA injected mice a
significant reduced flinching and licking behavior was observed compared to mice injected with
the control virus (Fig. 4E).
Taken together, these observations suggest that the reduced sensitivity to noxious cold and the
cold-mimetic icilin might be the result of a loss of either excitatory CCK neurons in the spinal
cord or a loss of primary afferent fibers which express TRPM8.

Figure 4: Behavioral analysis of CCKCre; Rosa26tdTomato double transgenic mice
A) Schematic representing the genomes of AAV used to visualize Cre expressing neurons. The expression of
eGFP is driven by the CMV early enhancer/chicken beta actin (CAG) promoter and depends on Cre-mediated
irreversible inversion of the coding sequence.
B) Double transgenic CCKCre;Rosa26tdTomato were injected with AAV.flex.eGFP into the L3 - L5 spinal segment.
All eGFP positive cells colocalized with CCK-tdTomato cells. Arrows point out some examples.
C) Schematic representing the genomes of AAV used for ablation (AAV.flex.DTA) or as control vector
(AAV.flex.WGA).
D) Increased paw withdrawal latency over time to cold stimuli was observed in CCK interneurons ablated mice.
Two-way repeated measures ANOVA revealed a significant time x genotype interaction F(12, 88) = 4.533,
P < 0.0001, and Bonferroni post hoc comparison show significant differences between groups on day 5, day 11 and
day 14 (**P < 0.01, *** P < 0.001; flex.DTA n = 8, flex.WGA n = 5). No significant differences were revealed in
Hargreaves, Pinprick and tactile allodynia tests.
E) Injection of icilin into the plantar surface of the hindpaw induced a significant decreased response in ablated
animals. The time spent flinching during 20 minutes dropped from around 26 to 15 seconds (Unpaired t-test;
P = 0.029) and the time spent licking was reduced from 109 to 30 seconds (Unpaired t-test; P = 0.0001). Values
are represented as means ± SEM and n = 6 for each group)
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Figure 4 (legend on page before).
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Material and Methods
Animals
Mice were kept in barrier and OHB animal facilities according to institutional guidelines. Both
mouse strains CCKCre (Cck<tm1.1(cre)Zjh>/J; (Taniguchi et al., 2011)) and Rosa26tdTomato
(Madisen et al., 2010, Abe and Fujimori, 2013) were purchased from Jackson Laboratory. All
animals are maintained on a C57Bl/6 background as homozygous animals. Genomic DNA for
genotyping was prepared from ear biopsies.

Intraspinal Injection
Adult mice (6-10 weeks old) transgenic for both CCKCre and Rosa26tdTomato were anesthetized with
isoflurane (4% for induction, 1.5% during virus injection). Before the surgery started, the animals
were injected i.p. with 0.03 mg/kg buprenorphine. The mice were immobilized on a motorized
stereotaxic frame (David Kopf Instruments and Neurostar). Lumbar vertebrae L4 and L5 were
exposed, and the vertebral column was fixed using a pair of spinal adaptors. The vertebral lamina
and dorsal spinous process were removed to expose the L4 segment. The dura was perforated
about 500 μm left of the dorsal blood vessel using a beveled 27G needle. With glass capillaries
(tip diameter around 40 μm) attached to a 10 μl Hamilton syringe, 500 nl viral vectors were
injected at a depth of 200 - 300 μm from the dorsal surface of the spinal cord. The rate of
injection was controlled using a PHD Ultra syringe pump with a nanomite attachment (Harvard
Apparatus, Holliston, MA). The micropipette was left in place for 5 mins after the injection.
Afterwards, wounds were sutured (5/0 Dafilon, Braun) and the animal allowed to recover on a
heat mat.

Behavioral Tests
Male adult mice (6 – 7 weeks old) double transgenic for CCKCre and Rosa26tdTomato were used.
Each animal received three unilaterally injections (500 nl) at level L3 – L5 with AAV.flex.DTA
(8.79 x 109 virus particles / injection), AAV.flex.WGA (4.21 x 109 virus particle / injection) or
AAV.flex.eGFP (2.58 x 1010 virus particles / injection). Baseline thresholds were recorded before
surgery and after 4 days, 7 days, 11 days and 14 days. The stimuli were all directed to the plantar
surface of the corresponding hindpaw innervating the lumbar segment, which was intraspinally
injected. The same area was stimulated at the contralateral side of injection. In the icilin
experiment, on day 12 post virus injection, the animals were subjected to subcutaneous
intraplantar icilin injection into the hind paw ipsilateral to the injection site.
AAV.flex.DTA was cloned in-house and packaged at the Penn Vector Core (Perelman School of
Medicine, University of Pennsylvania) using their custom service.
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Von Frey – innocuous mechanical stimuli
Before testing, the animals were placed in plastic boxes with overall inside dimensions of 7.5 cm
x 7.5 cm x 30 cm and acclimated on an elevated mesh for 30 minutes to 1 hour. Innocuous
mechanical sensitivity was assessed with dynamic von Frey filaments (7 g, IITC, Woodland Hills,
CA). The filament was gently applied to the plantar side of the hindpaw until the filament bent or
the animals withdrew the paw. 4-6 measurements were taken per data point and animal, and
averaged. Ipsi- and contralateral paws were measured alternately.

Hargreaves – thermal stimuli
Before testing, the animals were placed in plastic boxes with overall inside dimensions of 7.5 cm
x 7.5 cm x 30 cm and acclimated for 30 minutes to 1 hour on a glass table warmed to 30 °C.
Then a radiant heat stimulus with a defined intensity was applied to the plantar surface of an
hindpaw and the time until the paw was withdrawn or flinched was measured (IITC, Woodland
Hills, CA). 4-6 measurements were taken per data point and animal and averaged. Between two
stimuli applied to the same paw, a break of at least 7 minutes was made. Ipsi- and contralateral
paws were measured alternately (Hargreaves et al., 1988).

Cold – noxious cold stimuli
Before testing, the animals were placed in plastic boxes with overall inside dimensions of 7.5 cm
x 7.5 cm x 30 cm and acclimated for 30 minutes to 1 hour on a 5 mm thick glass table for
30 minutes to 1 hour. Then a dry ice pellet was applied to the underside of the glass underneath
one paw of the animal and the time until a paw withdrawal occurred was measured.
4-6 measurements were taken per data point and animal, and averaged. Between two stimuli
applied to the same paw, an interval of at least 7 minutes was kept. Ipsi- and contralateral paws
were measured alternately (Brenner et al., 2012).

Pinprick – noxious mechanical stimuli
Mechanical pain was analyzed with the pinprick test. Before testing, the animals were placed in
plastic boxes with overall inside dimensions of 7.5 cm x 7.5 cm and acclimated on a mesh for
30 minutes to 1 hour. The plantar surface of the hindpaw was touched with the tip of a bent
26 gauge needle applying a force sufficient to produce a reflex withdrawal response but without
damaging the tissue. The pin stimulation was repeated 10 times with a 1-2 min interval in
between, and the percentage of paw withdrawals was calculated (Bourane et al., 2015).

Brush – Dynamic Touch Test
The brush test was used to assess sensitivity to dynamic light touch. Mice were placed in plastic
boxes with overall inside dimensions of 7.5 cm x 7.5 cm and acclimated on an elevated wired
mesh for 30 minutes to 1 hour. The plantar surface of the hindpaw was lightly stroked from heel
to toe with a soft paintbrush. The brush stimulation was repeated 10 times with a 1-2 min interval
in between, and the percentage of paw withdrawals was calculated (Bourane et al., 2015).
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Icilin Test – TRPM8 Activation
Icilin activates TRPM8 channels, a Ca2+-permeable nonselective cation channel, which is
expressed in the small DRG neurons (Knowlton et al., 2013). Before testing, the animals were
placed in plastic cylinders with a diameter of 23 cm and height of 40 cm, then they were
acclimated to the experimental environment on a table for 30 minutes to 1 hour. 2.4mg/ml (10µl,
dissolved in 20%DMSO/80% PBS 7.4 pH) icilin was injected subcutaneously into the plantar
surface of the left hindpaw. Time spent licking of the injected paw was counted for 20 minutes in
5 minutes intervals starting immediately after icilin injection.

Morphological analysis
Adult mice (8– 12 weeks old) double transgenic for CCKCre and Rosa26tdTomato were used. To
analyze the infected DRG neurons, each animal received three unilaterally injections (500 nl) with
AAV.flex.eGFP (2.58 x 1010 virus particles / injection) at level L3 – L5 of the spinal cord. To
enable maximum infection rate by the virus and sufficient level of eGFP expression, the animals
were perfused only 10 days later.
AAV.flex.eGFP were cloned in-house and packaged at the Penn Vector Core (Perelman School of
Medicine, University of Pennsylvania) using their custom service.

Immunohistochemistry
Mice were deeply anesthetized with an overdose of pentobarbital (Nembutal, 50 mg/kg i. p. ). The
heart was exposed rapidly and a butterfly needle was inserted into the left ventricle. The right
atrium was opened and the peristaltic pump started. First, around 20 ml of ice cold ACSF flushed
out all blood, followed by around 100 ml ice cold 2% PFA in PBS pH 7.4. The lumbar spinal cord
was dissected and post-fixed with 4% PFA in PBS for 2 hours on ice. Then the tissue was
cryoprotected overnight in 30% sucrose-PBS at 4 °C. Tissues were then embedded in NEG50.
Cryostat sections (25 µm) were mounted onto Superfrost Plus microscope slides (Thermo
Scientific, Zurich, Switzerland) and stored at -20 °C. The sections were preincubated with 10%
Normal Donkey Serum (NDS) in PBS for 30 minutes and then incubated with primary antibodies
at 4 °C. Primary antibodies were detected with fluorophore-conjugated secondary antibodies.
Images were captured using a Zeiss LSM 710 microscope.
The following antibodies were used: goat anti-CGRP (1:500, Abcam, Cambridge, UK),guinea pig
anti-c-Maf (1:10,000, gift from Dr Carmen Birchmeier, MDC Berlin), chicken anti-GFP (1:1000,
Thermo Scientific, Zurich, Switzerland), guinea pig anti-Lmx1b (1:10,000; gift from Dr Carmen
Birchmeier, MDC Berlin), rabbit anti-NF200 (1:2000, Sigma, St. Louis, US), rabbit anti-NeuN
(1:3000, Abcam, Cambridge, UK), rabbit anti-Pax2 (1:400; Invitrogen, Carlsbad, USA), rabbit
anti-PKCγ (1:1000; Santa Cruz, Dallas, TX, USA), sheep anti-PlexinC1 (1:200; R&D Systems,
Abingdon, UK), goat anti-TrkB (1:500; R&D Systems, Abingdon, UK) and cyanine 3 (Cy3)-,
Alexa Fluor 488-, DyLight 488-, 647- and 649-conjugated donkey secondary antibodies
(Dianova, Hamburg, Germany).

83

CHAPTER III
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 ZEN2012 software (Carl Zeiss).
Whenever applicable, contrast, illumination, and false colors were adjusted in ImageJ or Adobe
Photoshop (Adobe Systems, Dublin, Ireland). For cell counts in tissue sections, section were
prepared from at least three animals and at least three sections were analyzed per animal. In order
to avoid double counting of cells in adjacent sections, all sections used for quantification were
taken at a rostro-caudal distance of at least 50 μm. Numbers of immunoreactive cells were
determined using the ImageJ Cell Counter plug-in.

84

CCK interneurons

Discussion
Morphology
In the presented thesis interneurons characterized by the expression of the neuropeptide CCK
were analyzed. These neurons constitute an exclusively excitatory population in the deeper dorsal
horn of the mouse. Most dorsally they overlapped with the IR PKCγ neurons. Initially, these IR
PKCγ positive neurons were thought to constitute a subpopulation of the CCK positive neurons.
However, the analysis of the PKCγiCre mouse line showed that more neurons express PKCγ
mRNA and only a fraction of them was PKCγ IR. Previously I demonstrated that a substantial
amount of PKCγ expressing neurons also express the inhibitory marker Pax2 and most probably
another PKCγ expressing subpopulation constituted lamina I and III projection neurons.
Therefore CCK and PKCγ expressing neurons rather incompletely overlap. Nevertheless,
immunohistochemical analysis revealed that the vast majority of strongly IR PKCγ neurons
colocalized with CCK-tdTomato expressing neurons and 24% of all tdTomato positive neurons
are immunoreactive for PKCγ (Fig. 1). Due to the fact that naïve PKCγ ko mice exhibited normal
responses to acute pain tests and only after nerve injury the PKCγ ko mice develop reduced
thermal and mechanical sensitization, PKCγ was suggested to play a crucial role in central
sensitization (Mao et al., 1995, Malmberg et al., 1997).

Integrative node of somatosensory information
Since CCK interneurons are most notably located in the deeper dorsal horn, the CCK interneurons
presumably are innervated by low-threshold mechanoreceptors. In the locally ablated mice the
responses to noxious and light mechanical stimuli was not significantly reduced, but only a trend
was observed. These results are in line with the observations made in PKCγ ko mice, which
exhibited normal responses to acute pain tests. Since a desensitization could always underlay an
ablation of DRG neurons, the extent of affected DRG neurons has to be quantified. Indirectly the
DRG neurons targeted by flex.DTA were visualized by the intraspinal injection of an
AAV.flex.eGFP (Fig. 3). A substantial number of eGFP positive DRG neurons was visible and
their ablation may have contributed to altered sensory perception in the CCK interneuron ablated
mice. However, the ablated DRG neurons in CCKCre mice were not significantly involved in
sensing innocuous and noxious mechanical stimuli, at least in naïve mice. To analyze spinal
neurons expressing CCK only two options are possible to restrict the infection of AAV.flex.DTA
to spinal neurons. First, the viral vectors used must not be able to infect any DRG neurons.
Second, an intersectional approach with two different recombinases has to confine the
recombination to CCK expressing spinal neurons.
Several reports demonstrated the importance of excitatory interneurons in the spinal dorsal horn
as integrative node (Wang et al., 2013, Xu et al., 2013, Duan et al., 2014, Bourane et al., 2015). A
large fraction of the excitatory RORα expressing population of interneurons primarily found in
laminae IIi/III was shown to coexpress CCK (Del Barrio et al., 2013, Bourane et al., 2015).
Interestingly the analysis of the functional contribution to somatosensation of these RORα
neurons revealed normal sensitivity to cooling (acetone evaporation assay) (Bourane et al., 2015).
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Furthermore, RORα ablated mice showed a significant decrease in paw withdrawal responses to
dynamic light brush, which was not significantly reduced in CCK ablated mice (Fig. 3C). These
findings suggest that either only a subpopulation of CCK and RORα expressing neurons are
responsible for the respective phenotype or the amount of neurons ablated in the respective mouse
line was not sufficient to establish a robust phenotype. Especially, the observation of a trend in
the brush assay in the CCK interneuron ablated mice towards reduced response rates would
support the argument of quantitatively insufficient ablation (Fig. 5C).
The cutaneous somatosensory system of mammals is not only able to distinguish between light
and noxious mechanical stimuli, but can also distinguish roughness, texture and shape of an object
(Johnson et al., 2000, Paré et al., 2001, Liu et al., 2007). Mice devoid of Merkel cells (specialized
mechanosensory cells (Merkel, 1875)) could not detect textured surfaces with their feet, whereas
other measures of motor and sensory function were unaffected (Maricich et al., 2012, Maksimovic
et al., 2014). Neither CCK interneurons nor RORα interneurons ablated mice underwent
behavioral assays to test the role of the respective neurons in detection of curvature, texture and
roughness of an object. The innervation of different low threshold mechanoreceptor fibers into
discrete laminae of the dorsal horn of the spinal cord is known (Schouenborg, 2008, Thelin and
Schouenborg, 2008, Li et al., 2011). At least some subpopulations of CCK interneurons may
therefore play an important role in discriminating various different forms of touch and sensation.

Cold sensing circuitry
Recently, a somatosensory circuit was suggested involving a central disinhibition mechanism for
enhanced cold sensitivity (McCoy et al., 2013) (Fig. 6). Together with another study the input of
TRPM8 expressing primary afferent neurons into a second order neuron in the dorsal horn of the
spinal cord was hypothesized (McCoy and Zylka, 2014). This second order neuron is presumably
excitatory and is inhibited by an interneuron (PrP-GFP) which monosynaptically connects
capsaicin-responsive with icilin-responsive spinal neurons (Zheng et al., 2010). We hypothesized
that this second order neuron is characterized by the expression of CCK and thus studied the
response to icilin injection into CCK interneurons ablated mice (Fig. 5D). However, the
interpretation of the result is tricky, as a loss of DRG neurons has to take into consideration,
which are visualized by flex.eGFP injection (Fig. 3). Since, the great majority of the eGFP+ DRG
neurons coexpress CGRP and previous studies showed that almost no CGRP neurons expressed
TRPM8, the TRPM8 expressing DRG neurons might be spared (McCoy et al., 2012, McCoy et
al., 2013, McCoy and Zylka, 2014). Due to the fact that most of the eGFP positive DRG neurons
did not colocalize with tdTomato from the reporter strain, an activation of the CCK locus could be
assumed as the consequence of the intraspinal injection. Indeed, the upregulation of mRNA in
30% of DRG neurons ipsilateral to nerve injury was demonstrated (Xu et al., 1993). Also CGRP
was proposed to be upregulated after peripheral nerve injury in presumably low threshold
myelinated primary afferent fibers (Miki et al., 1998, Ma et al., 1999, Hughes et al., 2007).
Eventually, to rule out a potential ablation, on one hand the numbers of TRPM8 positive DRG
neurons in ablated and control animals have to be compared and on the other hand the inexistence
of eGFP and TRPM8 colocalization has to be demonstrated.
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Fig. 6: Illustration depicting a hypothetical
cold sensing circuit (adapted from (McCoy
et al., 2013). TRPM8 expressing primary
afferents synapse onto second order
neurons, which presumably are CCK
positive.
These CCK neurons are
monosynaptically inhibited by an inhibitory
interneuron marked by PrP-GFP expression
(Zheng et al., 2010).

DRG neuron infection by AAV.flex.eGFP
Puzzling was the finding that after unilateral injection of AAV.flex.eGFP into the L3 – L5
segment of the spinal cord of CCKCre;Rosa26tdTomato double transgenic mice, two almost exclusive
populations of eGFP and tdTomato positive neurons were found. Only 3 ± 2% of all eGFP
positive DRG neurons coexpressed also tdTomato (Fig. 3). There are several explanations for this
phenomenon. First, because the activity of the Rosa26 locus was inclined to be suppressed in
some tissues such as in the adult brain, a CAG promoter was used to enhance the expression
activity (Tchorz et al., 2012). The chicken beta-actin promoter and cytomegalovirus enhancer
(CAG; (Niwa et al., 1991)) is the most commonly used promoter to ubiquitously express a
transgene. The reporter mouse line used in this project carries a modified Rosa26 locus, where
the CAG promoter is followed by a loxP-flanked (‘floxed’) stop cassette and the tdTomato
fluorescent marker gene (Madisen et al., 2010, Abe and Fujimori, 2013). However, CAG
promoter driven transgenes were shown to be sometimes silenced and/or the transgene was not
expressed ubiquitously (Rhee et al., 2006, Griswold et al., 2011). Recently, this unstable
expression was linked to the methylation of the CAG promoter and specifically to the offsprings
of homozygous transgenic mice (Zhou et al., 2014). Indeed, in the breeding to obtain
experimental animals, mice homozygous for Rosa26tdTomato were crossed with homozygous
CCKCre mice. Second, the tdTomato and eGFP are under the control of the CAG promoter, which
might lead to a ligand saturation. However, the preference of the ligand to the CAG promoter of
the flex.eGFP expression cassette specifically in CGRP expressing neurons is not
comprehensible. Furthermore, in a study two AAV-CAG viruses were injected into the
cerebellum and then the efficient expression of two proteins in the same neuron in vivo was
demonstrated (Bosch et al., 2014). To test for an interference between the two CAG promoters,
DRG neurons of CCKCre;Rosa26tdTomato mice, which received an injection of an AAV.flex.eGFP
using another promoter such as EF1α and hSyn shall be analyzed. Third, not only the CAG
promoter but also the loxP sites could be methylated. However, there are only rare reports about
this phenomenon (Porter, 1998, Rassoulzadegan et al., 2002). Fourth, the upregulation of CCKCre
might be sufficient to induce recombination in the viral genome, but not in the Rosa26 locus.
However, the gene expression profile of DRG neurons after peripheral nerve injury demonstrated
a high (>10-fold) and long lasting (28 days) upregulation of CCK mRNA (Xiao et al., 2002).
Fifth, the Cre independent recombination of the virus or contamination of the AAV.flex.eGFP
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with AAV.eGFP was disproved by analyzing the spinal dorsal horn neurons, where all eGFP
positive neurons were demonstrated to coexpress tdTomato (Fig. 4B).

In general, one has to take into account that intraspinal injections may induce molecular changes
and depending on whether the marker used for Cre expression is affected, the morphological
analysis is not the same in reporter animals and after intraspinal injections. A possibility to
overcome the molecular alterations after intraspinal injection, at least in the DRG neurons, the use
of an intersectional approach can be advisable (Duan et al., 2014). This genetic strategy allows
the specific marking and ablation of neurons restricted to a certain location.
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Aims
Intraspinal injections into the dorsal horn of the spinal cord allow the targeting of spinal neurons
in a temporally and spatially controlled manner. Viral vectors carrying Cre-dependent cassettes
enable the cell specific expression of toxins and receptors. The unilateral injection of viral
vectors carrying a Cre dependent Diphtheria toxin subunit A (flex.DTA) expression cassette
induced robust neuropathic pain in the hindpaw corresponding to the site of injection. Various
classes of drugs shall be tested for their efficacy in this neuropathic pain model. In addition, the
activation of spinal glycinergic neurons with DREADD (Designer Receptors Exclusively
Activated by Designer Drug) receptors shall be established. A viral vector harboring a Cre
dependent DREADD (flex.hM3Dq-mCherry) expression cassette shall be injected unilaterally in
the L3 – L5 segment of the spinal cord of GlyT2::Cre mice. Then the inhibitory capability of
these neurons in naïve mice and during central sensitization shall be analyzed.
As intraspinal injections allow the precise targeting of a certain region in the spinal cord, the idea
was to test different agents. First, the injection of Diphtheria Toxin (DTX) into double transgenic
GlyT2::Cre;Rosa26iDTR mice shall specifically ablate glycinergic neurons in the spinal dorsal horn
and thereby evoking a sensitization in the ipsilateral hindpaw. Since iDTR is expressed in all
neurons that expressed GlyT2 at any stage during development, the behavioral phenotype of the
DTX ablated animals shall be compared to viral ablated animals.
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Abstract
Viral vectors carrying Cre dependent expression cassettes allow the cell specific expression of
toxins and receptors in a temporally and spatially controlled manner. The unilateral injection of
viral vectors carrying a Cre dependent Diphtheria toxin subunit A (flex.DTA) expression cassette
induced robust neuropathic pain in the hindpaw corresponding to the site of injection. Various
classes of drugs were tested for their efficacy in this neuropathic pain model. None of the tested
standard analgesic drugs were sufficient to significantly alleviate pain sensation induced by a loss
of glycinergic neurons.
With viral vectors carrying a flex.DREADD expression cassette, local glycinergic neurons were
activated and a reversal of neuropathic pain sensitization was observed. This suggests that these
neurons retain their inhibitory action even in the presence of neuropathy. Furthermore, we
demonstrated that the activation of glycinergic neurons in the dorsal horn, leads to a
desensitization to noxious mechanical, cold and thermal stimuli in naïve mice.
However, also agents other than viral vectors can be intraspinally injected.
In
GlyT2::Cre;Rosa26iDTR mice, the injection of Diphtheria Toxin (DTX) let to a very efficient
ablation of neurons expressing Diphtheria Toxin Receptor (iDTR) in all neurons, which expressed
GlyT2 at any stage during development. The ablation was restricted to the ipsi lateral site of the
spinal cord, however, neurons in the ventral horn were ablated very efficiently as well and thereby
masked a potential nociceptive effect. Further the ablation of the neurons in the ventral horn
induced spasticity in hind limb, which impaired a proper movement of the affected hind limb.
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Introduction
Ablation of GlyT2 positive neurons induces a drug resistant neuropathic
pain syndrome
In the gate control theory of pain proposed already in 1965 by Melzack and Wall, the incoming
non-nociceptive somatosensory input closes the gate to nociceptive input. This closing prevents
pain signals from traveling to higher brain regions. Inhibitory dorsal horn interneurons might
serve an important function in the processing of sensory signals. They would become activated
by innocuous sensory input carried by low-threshold mainly myelinated primary afferent fibers
and would then inhibit the activity of projection neurons (Melzack and Wall, 1965). To
specifically address the role of glycinergic interneurons in their function in the processing of
sensory signals, GlyT2::Cre mice were generated (Foster et al., 2015). These mice were then
used to target glycinergic neurons in a spatially and temporally controlled manner. By injection
of Cre dependent AAV.flex.DTA vectors, a drug resistant neuropathic pain syndrome was
induced. Morphine being the gold standard for the treatment of moderate to severe pain was
already described to be ineffective in treating strychnine-induced tactile allodynia. As only
glycinergic input is lost, an enhancement of the GABAergic input from the remaining glycinergic
and purely GABAergic interneurons may lead to an analgesic effect. Gabapentin, which was
shown to have analgesic properties, binds to the α2δ subunit of voltage gated calcium channels
(Marais et al., 2001). This leads to a reduction in the calcium-dependent release of multiple
neurotransmitters and thereby support an efficient neuropathic pain management (Perret and Luo,
2009).

Pharmacogenetic manipulation of glycinergic interneurons
Neuropathic pain syndromes might be due to diminished inhibition in the dorsal horn sensory
circuits. This disinhibition leads to spontaneous activity and increased excitability of dorsal horn
neurons and thereby contributes to pain-related behavior following after nerve injury (Moore et
al., 2002, Drew et al., 2004, Zeilhofer et al., 2012). A very well established nerve injury model is
the chronic constriction injury (CCI) (Bennett and Xie, 1988). Mice undergoing surgery reliably
develop behavioral changes, such as mechanical and thermal allodynia. Obviously, when
glycinergic neurons are lost or inhibited, hallmarks of neuropathic pain syndromes such as
mechanical and thermal allodynia are present (Miraucourt et al., 2009, Foster et al., 2015). We
were wondering, whether exogenous activation of glycinergic neurons might reduce mechanical
allodynia after nerve injury. To address this question a pharmacogenetic technique was used
(Armbruster et al., 2007). Designer Receptors Exclusively Activated by Designer Drugs
(DREADDs) are engineered G protein-coupled receptors that are only activated by clozapine Noxide (CNO). Rendering the DREADD expression Cre-dependent, allowed specific targeting of
the glycinergic neurons.
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Ablation of GlyT2 neurons mediated by tissue specific diphtheria toxin
receptor expression
By using adeno associated viruses (AAVs) as viral vectors containing a flex.DTA cassette,
effective neuronal ablation by intraspinal injections can be achieved. The regulation of the toxin
expression is tightly regulated by using the FLEX system for irreversible flipping of the DTA
transgene (Atasoy et al., 2008). Only in the presence of Cre recombinase the DTA cassette is
flipped, DTA expressed and the cell subsequently killed. Using this method, glycinergic neurons
were ablated by injecting GlyT2-Cre mice with viral vectors carrying the flex.DTA cassette.
Mice with ablated GlyT2 neurons in one site of the lumbar part of spinal dorsal horn subsequently
developed a mechanical and thermal hyperalgesia and spontaneous flinching behavior of the
corresponding paw. However, in these mice the inhibitory interneurons transiently expressing
GlyT2 during development were not targeted with this approach. We therefore aimed to breed
transgenic mice, in which a single injection of diphtheria toxin (DTX) is sufficient to induce
ablation of all inhibitory interneurons expressed GlyT2 at any stage during development. In
transgenic mice double positive for the GlyT2::Cre and the Cre dependent reporter Rosa26iDTR
(Buch et al., 2005), iDTR was expressed in all neurons that expressed GlyT2 at any stage during
development. Transient GlyT2 expression was shown to be predominantly present in laminae I
and II. One expects to see a similar phenotype as in the virus mediated neuron ablation. Due to
the fact that GlyT2 is transiently expressed in superficial dorsal horn neurons, the phenotype may
be more prominent. Also the tissue penetration of DTX and AAV as well as the uptake efficiency
of DTX and AAV into the cell may be different.
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Results
Ablation of GlyT2 positive neurons establishes a drug resistant
neuropathic pain model
GlyT2::Cre mice received an unilateral intraspinal injection with AAV.flex.DTA into the segment
L3 – L5 of the spinal cord (Fig. 1A). The Cre-dependent expression of DTA led induced
neuronal cell death, which generated a neuropathic pain syndrome 5 days after injection. These
mice were then tested for various classes of drugs. Morphine was injected subcutaneously (s.c.)
into the neck, whereas HZ-166 and gabapentin were applied intraperitoneally (i.p.). For i.p.
injections saline was used as control solution. Muscimol and ACSF (control) were given
intrathecally (i.t.) to avoid the sedative effects of muscimol, which it displays in case it can reach
supraspinal regions. Immediately after drug or vehicle injection the mice were tested for
mechanical (von Frey) paw withdrawal thresholds for 5 hr. None of the drugs induced a
significant analgesic effect independent of the route of administration and mode of action (Fig.
1B/C). In addition to the mechanical paw threshold, the spontaneous flinching was quantitatively
assessed. Muscimol a potent agonist at GABAA receptors did not lead to a significant (unpaired ttest, P=0.299) decrease of spontaneous flinching (Fig. 1D). We concluded that standard analgesic
drugs are not sufficient to significantly alleviate pain sensation induced by a loss of glycinergic
neurons.

Pharmacogenetic activation of local GlyT2 positive neurons
To assess the potential of glycinergic neurons in the processing and modulation of innocuous
input, we used a pharmacogenetic approach to modulate their activity (Armbruster et al., 2007,
Alexander et al., 2009, Dong et al., 2010, Rogan and Roth, 2011). Designer muscarinic receptors
(h3MDq) are potently activated by the pharmacological inert compound clozapine-N-oxide
(CNO) and are coupled to Gq downstream signaling, which leads to a neuronal excitation. These
receptors are also called Designer Receptors Exclusively Activated by Designer Drugs
(DREADDs) (Fig. 2A). GlyT2::Cre;GlyT::eGFP mice were injected with an AAV vector
harboring a Cre dependent hM3Dq-mCherry (flex.hM3Dq-mCherry) cassette into the left L3 – L5
spinal segments. To achieve robust expression of DREADDs in the GlyT2 neurons, the chronic
constriction injury (CCI, (Bennett and Xie, 1988)) of the left sciatic nerve was only performed
after one week. CCI induced a sensitization to mechanical stimulation (von Frey) after 7 days.
Then CNO (2 mg/kg) or vehicle was injected i.p. and mechanical (von Frey) paw withdrawal
thresholds were assessed for 5h. Activation of GlyT2 neurons significantly increased mechanical
withdrawal thresholds ipsilateral to the AAV.flex.hM3Dq-mCherry injection side, whereas the
vehicle treated group had no effect (Fig. 2B). Next, the role of glycinergic neurons in the
modulation and processing of noxious acute pain was assessed. Activation of glycinergic neurons
2 hours prior to testing increased the withdrawal latencies to heat and noxious cold stimuli
significantly. Also the number of withdrawal responses after pinprick stimulation was
significantly reduced in the CNO treated animals, but not vehicle treated. Taken together, these
results demonstrate the important role of glycinergic neurons not only in neuropathic allodynia
but also in the processing and modulation of acute noxious pain sensation.
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Figure 1 GlyT2::Cre mice developed robust neuropathic pain after intraspinal AAV.flex.DTA injection
A) A diagram of AAV.flex.DTA, which was used to locally ablate glycinercig cells in the dorsal horn of the spinal
cord.
B) All experiments were made in GlyT2::Cre mice. AAV.flex.DTA was injected at day 0, on day 5 mice were
injected with either drug or vehicle. Mechanical paw withdrawal thresholds were assessed using von Frey filaments
before i.s. surgery, immediately before drug/vehicle injection, for 5 hours after drug/vehicle injection and one day
later (post-drug).
C) Assuming a potential maximum possible effect from 2 - 4 hours of each drug, the area under the curve (AUC)
was calculated. Neither in the time course nor in the AUC a significant effect was observed.
D) Spontaneous aversive behavior observed in ablated mice was not ameliorated by i.t. injection of muscimol.
All values are means ± SEM. Gabapentin n = 5; HZ-166 n = 4; morphine n = 4; vehicle i.p. n = 5; muscimol n = 10;
ACSF n = 9
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Figure 2 Activation of spinal glycineric neurons alleviated
A) Diagram illustrating the AAV genome containing the flex hM3Dq-mCherry cassette.
B) Antihyperalgesic effects. All experiments were made in GlyT2::Cre+ mice. AAV.flex.hM3Dq-mCherry
was injected at day 0, CCI surgery was performed on day 7 on virus injected mice, and vehicle or CNO (1
mg/kg) were injected i.p. on day 14. Mechanical PWT (g) were assessed using electronic von Frey filaments
before CCI surgery (pre-CCI), after CCI surgery immediately before CNO/vehicle injection (post-CCI), for 5
hours after CNO/vehicle injection, and one day later (post-drug). Repeated measures ANOVA F(6,66) = 4.47;
P = 0.001 for treatment x time interaction. Post hoc comparisons revealed significant differences between
CNO and vehicle treated groups for time points 2 and 3 hours (n = 6 and 7, for vehicle and CNO,
respectively).
C) Acute antinociceptive effects. Repeated measures ANOVA. Significant treatment effects were observed in
the Hargreaves test, F(1,9) = 43.1, P < 0.001 (n = 5 and 6, for CNO and vehicle, respectively), for cold
hyperalgesia, F(1,9) = 56.2, P < 0.001, (n = 6 and 5), and for pinprick stimulation, F(1,8) = 21.0, P = 0.002
(n = 5 each)
All values are means ± SEM.
Same data as in Foster et al., 2015.
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Local ablation of GlyT2 neurons mediated by intraspinal injection of
diphtheria toxin and cell specific diphtheria toxin receptor expression
To ablate GlyT2 neurons with viral vectors carrying a flex.DTA expression cassette, the L3 – L5
segment of the spinal cord of GlyT2::Cre mice was exposed. To inject the solution containing
AAV.flex.DTA solution intraspinally, the dura was perforated about 500 µm left to the dorsal
blood vessel using a beveled 27G needle. With class micropipette (tip diameter around 40 µm)
attached to a 10 µl Hamilton syringe, 300 µl solution was injected at a depth of 200 to 300 µm.
Initially, the same procedure was employed for the injection of 100 ng DTX. This procedure led
to a spastic hind limb corresponding to the site of injection in triple transgenic
GlyT2::eGFP;GlyT2::Cre;Rosa26iDTR mice where iDTR was expressed in all GlyT2 positive
neurons. Therefore less DTX (1 ng / 100 pg / 10 pg / 0.1 pg) was injected, but still using the same
volume and injection depth. Low amount of DTX (10 pg and 0.1 pg) had no effect, whereas 1 ng
and 100 pg still provoked a spastic hind limb. Since the ablation of glycinergic neurons in the
deeper dorsal and ventral horn were most probably the reason for the spasticity, the injection
depth was reduced. Furthermore, to limit the spread, an injection volume of 150 nl was used.
Depths of 50 µm, 100 µm and 150 µm were tested. Four mice injected with 150 nl at a depth of
150 µm let to the development of severe spasticity of the ipsilateral hind limb in two animals.
The other two mice developed a sensitization and a licking behavior directed to the ipsilateral
hind limb with subsequent depilation in the effected dermatome (Fig. 3A/B). The sensitization
was apparent by the about 50% decreased withdrawal threshold to mechanical stimuli (von Frey).
Compared to viral vector approach the mechanical sensitivity of DTX ablated animals is less
pronounced. This could be at least partly explained by the loss of glycinergic neurons in the
deeper dorsal and ventral horn, which might lead to an impaired motor function. Indeed, in mice
with spastic hind limbs, immunohistochemical analysis revealed an extending ablation of neurons
also in the ventral part of the spinal cord (Fig. 3C). Furthermore, a clear up-regulation of
microglial cells was found not only at the ipsilateral side, but also at the contralateral side (fig.
3D). This may be due to the degeneration of fibers crossing from the ipsilateral site and the
induction of a subsequent immune response. Taken together, these results suggest that in
comparison to viral vectors, the lower molecular weight of DTX allowed an easier spread in the
neuronal tissue and therefore AAV.flex.DTA allowed a more restricted ablation of GlyT2
neurons. Since the ablation of GlyT2 positive neurons by AAV.flex.DTA showed a robust
hypersensitivity phenotype and the focus was set on the analysis of this finding.
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Figure 3 GlyT2::Cre mice injected intraspinally with DTX
A) Two GlyT2::Cre;R26iDTR double transgenic mice were injected intraspinally with DTX. Mechanical paw
withdrawal threshold (von Frey) of these mice was assessed on the day before surgery and on day 1 and 2
after i.s. injection. Both mice showed an increased sensitivity after ablation to von Frey stimulation.
B) Depilation due to licking corresponded to the dermatome affected by the i.s. injection. Fur loss on the back
is due to shaving before surgery.
C) In the spinal cord of mice with paralyzed hind limb, the GlyT2::eGFP fluorescent was almost completely
absent at the site of injection.
D) Extensive microglia (red) upregulation was observed, especially in the ipsi lateral site of injection.
Green = GlyT2::eGFP; blue = NeuN; red = IBA-1; Scale bar = 100μm. All values are means ± SEM.
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Material and Methods
Intraspinal injection
For intraspinal (i.s.) injections mice were anesthetized with isoflurane (induction 5%,
maintenance 2%) delivered in oxygen-enriched air. Once anaesthetized, the skin of the
thoracolumbar region was shaved and sterilized with iodine. Animals were placed on a heating
cushion under the animal to maintain body temperature. With a scalpel, a 2-3 cm long midline
incision was made over the thoracolumbar spine. The skin was pulled away and the spine and
paravertebral musculature was exposed. All following surgery steps were performed under a
binocular dissecting microscope. The musculature was then removed to expose the 3 vertebral
arches that lie over the lumbar enlargement of the spinal cord. With vertebral clamps the
vertebral column was fixed to avoid movement of the spinal cord during injection. Once it was
stabilized, the exposed laminae were further cleared from muscle and connective tissue. Then a
laminectomy was performed removing L1 vertebra by using cutting forceps to reveal the lumbar
enlargement (L3 – L4). Note that due to the difference in development of the spinal cord and the
spinal column, the L1 cord segment is at the same level as the 13th thoracic vertebra. T13 was
easily located, as it is just caudal to the insertion of the caudal-most rib into the spine (Graham et
al., 2004, Cunningham et al., 2005, Akay et al., 2008).
For the injection, a pipette pulled from a borosilicate glass capillary was used. After pulling, the
tip of the needle was customized by controlled breaking off the end of the tip. By using a syringe
pump the needle was filled with water, then 1 µl air was pulled in and eventually around 7 µl of
the injecting solution. Then the needle was placed around 500 µm left to the midline vein of the
spinal cord. A little whole was pierced through the meninges, through which the needle was
pushed around 150 µm into the spinal cord tissue. The infusion was set to a speed of 30 nl/min,
and a volume of 300 nl. When the injection was finished, the needle remained for another
3 - 5 minutes in the tissue and was then withdrawn. If not mentioned differently, three injections
were made.

Behavioral tests
All stimuli were applied to the part of plantar surface of the hindpaw, which was innervated by
the primary afferent fibers terminating at the site of injection. The same area was stimulated at
the contralateral side of injection.

Von Frey – innocuous mechanical stimuli
Before testing, the animals were placed in plastic boxes with overall inside dimensions of 7.5 cm
x 7.5 cm x 30 cm and acclimated on an elevated mesh for 30 minutes to 1 hour. Innocuous
mechanical sensitivity was assessed with dynamic von Frey filaments (7 g, IITC, Woodland Hills,
CA). The filament was gently applied to the plantar side of the hindpaw until the filament bent or
the animals withdrew the paw. 4-6 measurements were taken per data point and animal, and
averaged. Ipsi- and contralateral paws were measured alternately.
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Hargreaves – thermal stimuli
Before testing, the animals were placed in plastic boxes with overall inside dimensions of 7.5 cm
x 7.5 cm x 30 cm and acclimated for 30 minutes to 1 hour on a glass table warmed to 30 °C.
Then a radiant heat stimulus with a defined intensity was applied to the plantar surface of a
hindpaw and the time until the paw was withdrawn or flinched was measured (IITC, Woodland
Hills, CA). 4-6 measurements were taken per data point and animal and averaged. Between two
stimuli applied to the same paw, a break of at least 7 minutes was made. Ipsi- and contralateral
paws were measured alternately (Hargreaves et al., 1988).

Cold – noxious cold stimuli
Before testing, the animals were placed in plastic boxes with overall inside dimensions of 7.5 cm
x 7.5 cm x 30 cm and acclimated for 30 minutes to 1 hour on a 5 mm thick glass table for
30 minutes to 1 hour. Then a dry ice pellet was applied to the underside of the glass underneath
one paw of the animal and the time until a paw withdrawal occurred was measured.
4-6 measurements were taken per data point and animal, and averaged. Between two stimuli
applied to the same paw, an interval of at least 7 minutes was kept. Ipsi- and contralateral paws
were measured alternately (Brenner et al., 2012).

Pinprick – noxious mechanical stimuli
Mechanical pain was analyzed with the pinprick test. Before testing, the animals were placed in
plastic boxes with overall inside dimensions of 7.5 cm x 7.5 cm x 30 cm and acclimated on a
mesh for 30 minutes to 1 hour. The plantar surface of the hindpaw was touched with the tip of a
bent 26 gauge needle applying a force sufficient to produce a reflex withdrawal response but
without damaging the tissue. The pin stimulation was repeated 10 times with a 1-2 min interval in
between, and the percentage of paw withdrawals was calculated (Bourane et al., 2015).

CCI surgery
Chronic constriction injury was performed as described previously (Bennett and Xie, 1988).
Mice were anesthetized with isoflurane (induction 5%, maintenance 2%) delivered in oxygenenriched air. Once anaesthetized, the skin over the left hind limb was shaved and sterilized with
iodine. The sciatic nerve was exposed at the mid-thigh level proximal to the sciatic trifurcation
by blunt dissection through the biceps femoris muscle. Around 5 mm of the nerve were freed of
adhering tissue and three loose ligatures with silk (4/0) were put around the nerve with around
1 mm spacing. The ligatures were tied until a light reflex in the corresponding paw was observed.
The surgical wound was closed with suture (5/0 Dafilon, Braun).
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Chemicals
Drug treatment
HZ-166 was a generous gift of Dr. James Cook (Cook et al., 2006; Di Lio et al., 2011).
Gabapentin and muscimol were purchased from Sigma Aldrich (Cat# G154 ; M1523). HZ-166,
gabapentin and morphine were suspended in 0.5% methyl cellulose and 0.9% NaCl. 16 mg/kg
body weight HZ-166 and 10 mg/kg body weight gabapentin were injected intraperitoneally.
4 ml/kg body weight, morphine was injected subcutanously in the neck. 1 µg muscimol was
injected in a volume of 5 μl i. t. and therefore dissolved in ACSF. Intrathecal injections were done
using a Hamilton syringe (with spacer) into the lower lumbar spinal canal. The experimenter was
blinded to the treatment the mice received.
For the DREADD experiments, CNO was dissolved in 0.2 % DMSO and 0.9 % saline and
2 mg/kg were injected i.p.

Immunohistochemistry
Mice were deeply anesthetized with an overdose of pentobarbital (Nembutal, 50 mg/kg i. p. ).
The heart was exposed rapidly and a butterfly needle was inserted into the left ventricle. The
right atrium was opened and the peristaltic pump started. First, around 20 mL of ice cold ACSF
flushed out all blood, followed by around 100 mL ice cold 2% PFA in PBS pH 7.4. The lumbar
spinal cord was dissected and post-fixed with 4% PFA in PBS for 2 hours on ice. Then the tissue
was cryoprotected overnight in 30% sucrose-PBS at 4 °C. Tissues were then embedded in
NEG50. Cryostat sections (25 µm) were collected on glass slides and stored at -20 °C. The
sections were preincubated with 10% Normal Donkey Serum (NDS) in PBS for 30 minutes and
then incubated with primary antibodies at 4 °C. Primary antibodies were detected with
fluorophore-conjugated secondary antibodies. Images were captured using a Zeiss LSM 710
microscope.
The following antibodies were used: chicken anti-GFP (1:1000, Thermo Scientific, Zurich,
Switzerland) rabbit anti-NeuN (1:3000, Abcam, Cambridge, UK)
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Discussion
Ablation of GlyT2 positive neurons establishes a model of drug resistant
neuropathic pain
Drugs of different classes were not effective in treating the neuropathic pain syndrome produced
by the targeted ablation of the glycinergic neurons in the dorsal horn. Different aspects might
contribute to this lack of efficiency. Opioid receptors are expressed in small diameter dorsal root
ganglion (DRG) cell bodies. Exogenously injected morphine selectively modulates nociceptive
nerve fibers (C- and Aδ-fibers) by activating opioid receptors that couple to inhibitory G-proteins.
Subsequently, this process causes cellular hyperpolarization and inhibits neural activity (Melzack
and Wall, 1965, Al-Hasani and Bruchas, 2011). Nocifensive behavior that persists after morphine
administration might originate from activation of myelinated Aβ fibers, as opioid receptors were
shown to be predominantly localized in small diameter neurons (Arvidsson et al., 1995, Ji et al.,
1995). Interestingly, glycinergic dorsal horn neurons are concentrated in lamina III and deeper,
where mainly Aβ fibers terminate (Zeilhofer et al., 2005, Hossaini et al., 2007, Polgar et al.,
2013). Loss of these glycinergic neurons probably disinhibits polysynaptic connections between
Aβ fibers and nociceptive projection neurons. It is therefore not surprising that this form of
hypersensitivity does not respond well to opioid therapy. However, other studies have shown that
thermal hyperalgesia and static allodynia induced by nerve injury were sensitive to systemic
morphine (Catheline et al., 2001). Input from fibers activated by these modalities is thought to be
under strong glycinergic control and the presence of GlyT2::eGFP neuropil in the superficial
dorsal horn accounts for this (Harvey et al., 2004, Zeilhofer et al., 2005). There might be an
analgesic effect of morphine mediated through primary afferent fibers expressing opioid
receptors. However, the analgesic effect might not be strong enough to generate a measurable
pain relief in these mice.
Gabapentin, an anticonvulsant drug, acts on the α2δ subunit of voltage-gated calcium channels
found in DRG neurons (Gee et al., 1996, Marais et al., 2001, Bayer et al., 2004). The α2δ subunit
was shown to be upregulated only in gabapentin-sensitive pain models such as diabetic- and
mechanical-neuropathic pain (Luo et al., 2001, Luo et al., 2002, Li et al., 2004). The reduction of
calcium-dependent release of multiple neurotransmitters should antagonize the hyperexcitability
caused by disinhibition. Similar to morphine, the analgesic effect of gabapentin mediated by a
certain subpopulation of primary afferent fibers might be insufficient to produce measurable pain
relief. Furthermore, there is evidence that the effectiveness of gabapentin to relief pain is not the
same for different forms of neuropathic pain (Attal et al., 2010).
HZ-166, a benzodiazepine with preferential activity at α2- and α3-GABAA receptors (GABAAR),
was shown to possess pronounced activity against mechanical and thermal hyperalgesia in
neuropathic pain models (Di Lio et al., 2011). In acute slices of the spinal cord, HZ-166 was able
to potentiate GABAergic membrane currents (Paul et al., 2014). Around 30-50% of the dorsal
horn interneurons are GABAergic and about half of them are also immunoreactive for glycine
(Spike et al., 1993, Todd and Spike, 1993, Bayer et al., 2004). At least in some postsynaptic cells,
the presence of both GABAA and glycine receptors was shown (Todd et al., 1996, Zeilhofer et al.,
2012). Therefore HZ-166 should be able to increase the inhibitory input to the postsynaptic cell
provided by the remaining GABAergic neurons and thereby at least partly restore the inhibition in
the dorsal horn of the spinal cord. However, no significant pain relief was observed after HZ-166
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administration, which may be due to the diminished amount of inhibitory interneurons. The
remaining neurons were not able to compensate for the glycinergic loss, even though the
GABAergic portion was enhanced. Further, the synaptic location of the GABAARs is different
from that of GlyRs and not every postsynaptic cell expresses both GABAAR and GlyR (Todd et
al., 1996). To overcome the issue of insufficient GABA concentration, muscimol - a selective
agonist for GABAAR – was tested. The absent analgesic effect of this drug supported the
different synaptic localization of GABAARs and GlyRs. Obviously, GABAARs alone were not
able to compensate for the loss of glycinergic inhibition. This might be due to the different
synaptic localization of GABAAR and GlyR or/and the maximal possible effect of the GABAAR.
Apoptopic cell death was shown to be at least partly responsible for the establishment of
neuropathic pain states (Moore et al., 2002). The neuronal cell death seems to be the consequence
of NMDA receptor induced neurotoxicity. However, the neurotoxicity is not due to the initial
large amount of centrally released glutamate directly after tissue injury, but it rather developed
over time (Scholz et al., 2005). Other studies found no significant loss of inhibitory interneurons
in the spinal dorsal horn of rats after inducing a neuropathic pain model (Polgar et al., 2004,
Polgar and Todd, 2008). The mice with ablated glycinergic interneurons resemble strongly the
neuropathic pain syndromes observed in humans. They are very difficult to manage and several
weeks can be required to reach an effective dosage and combination of drugs (Dworkin et al.,
2007).

Pharmacogenetic activation of glycinergic neurons effectively alleviates
neuropathic pain
The loss of inhibition is widely believed to contribute to the establishment and maintenance of
chronic pain states (Zeilhofer et al., 2012). The absence of glycinergic input in the dorsal horn
was reported to contribute to mechanical allodynia in neuropathic pain models (Torsney and
MacDermott, 2006, Miraucourt et al., 2007, Foster et al., 2015, Petitjean et al., 2015).
Furthermore, the detachment of appositions from glycinergic parvalbumin (PV) nerve terminals
onto PKCγ somata was reported recently, which opens the gate for innocouous information to
excite pain pathways (petitjean). Various other mechanisms have been described to be
responsible for disinhibition such as reduced synthesis of inhibitory neurotransmitter (Moore et
al., 2002, Harvey et al., 2004, Scholz et al., 2005), and their release (Ahmadi et al., 2003, Muller
et al., 2003). Peripheral nerve injury also causes an activation of microglia in the dorsal horn,
which induces a BDNF-dependent downregulation of KCC2 (Coull et al., 2003, Coull et al., 2005,
Miletic and Miletic, 2008, Lu et al., 2009). The reduction of KCC2 leads to an accumulation of
chloride ions inside the cell and thus a positive shift of the Cl- reversal potential. This shift might
be sufficient to reach the threshold of action potentials and thereby change the inhibitory effect of
GABA and glycine to excitatory (Coull et al., 2003). The local activation of GlyT2 neurons
reduced mechanical allodynia in a mouse model of neuropathic pain (Fig. 2B). These results
suggest that inhibitory interneurons maintain their inhibitory function in chronic pain states. This
finding is consistent with reports showing that drugs potentiating the activation of GABAA lead to
a significant pain relieve in neuropathic pain models (Knabl et al., 2008, Di Lio et al., 2011). In
addition, the pharmacogentic tools used to control the activity of glycinergic neurons
demonstrated the contribution of these neurons to the processing of acute pain sensation (Fig. 2C).
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Ablation of GlyT2 neurons mediated by neuron-type specific diphtheria
toxin receptor expression
Diphtheria toxin is a highly potent exotoxin secreted by Corynebacterium diphtheriae. A single
molecule of the catalytically active A subunit (DTA) in the cytoplasm is sufficient to terminate
protein synthesis and thereby killing the cell (Yamaizumi et al., 1978, Buch et al., 2005). The
Cre-dependent expression of the iDTR allowed the temporally and spatially specific ablation of
neurons. During development GlyT2::Cre is transiently active in inhibitory superficial dorsal
horn neurons, which are not glycinergic in the adult. This leads to a more abundant expression of
the Cre-dependent iDTR and therefore the ablation of a larger amount of neurons has a stronger
impact on the observed phenotype. Compared to viral vectors, the size of DTX is much smaller
and the diffusion in the spinal cord probably faster and more widespread. Furthermore, initial
experiments with intrathecal injection of DTX leading to spastic hindlimbs, suggest a better
accessibility of the ventral horn of spinal cord by this toxin. Also in animals with no obvious
affected motor impairment, a minor ablation of spinal ventral horn neurons has probably occurred
as the thermal and mechanical sensitization was not as strong as in the viral mediated ablation.
Taken together, the combination of iDTR transgene expression and local DTX injection is a very
efficient tool to ablate in a temporally and spatially well-controlled manner a specific population
of neurons. However, it might be advisable to use this tool only for small and locally restricted
subpopulations of neurons.
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PKCγ neurons
PKCγiCre mice injected with viral vectors harboring a flex.eGFP cassette revealed the presence of
the Cre protein in more cells than PKCγ immunoreactivity was found. This finding was
underpinned by the highly sensitive RNAscope in situ hybridization (Grabinski et al., 2015),
which visualized cells with high and low levels of PKCγ mRNA transcripts. To further confirm
that Cre mediated recombination faithfully recapitulates PKCγ expression, another in situ
hybridization approach could strengthen the RNAscope finding. Polgár et al. previously reported
the existence of weakly PKCγ immunoreactive neurons, which were located in the dorsal part of
lamina II and in lamina I. Weakly or moderately immunoreactive PKCγ neurons which also
possessed GABA immunoreactivity were located in lamina II and constituted around 8% of the
whole immunoreactive PKCγ population in the dorsal horn of the spinal cord. Initial
immunohistochemical analysis of PKCγiCre mice injected with AAV.flex.eGFP demonstrated that
around 19% of eGFP positive cells coexpress Pax2, a marker for dorsal horn inhibitory
interneurons (Cheng et al., 2005, Batista and Lewis, 2008, Punnakkal et al., 2014). Around 53%
of the eGFP positive cells coexpressed Lmx1β the marker for excitatory interneurons. To
investigate eGFP positive cells thoroughly, the presence of eGFP in additional subsets of
excitatory neurons shall be analyzed. Various populations of excitatory neurons were
morphologically defined by different markers such as vGLUT2 (Punnakkal et al., 2014), RORα
(Bourane et al., 2015), somatostatin (Yasaka et al., 2010, Duan et al., 2014), the transcription
factor c-Maf (Hu et al., 2012), cholecystokinin (Hu et al., 2012, Xu et al., 2013) and NK1 receptor
(Al-Khater et al., 2008).
A considerable amount of the eGFP positive cells colocalized with the inhibitory marker Pax2.
Indeed immunoreactive PKCγ neurons were shown to possess GABA but not glycine
immunoreactivity (Polgar et al., 1999). Thus the neurons expressing both eGFP and Pax2 shall be
tested for GABA- and glycine immunoreactivity. In addition, by using an intersectional genetic
strategy to ablate individual spinal populations of neurons, somatosensory modalities can be
related to specific spinal circuits. The BAC transgenic mouse line VIAAT::Dre expresses a DNA
recombinase under the promoter of the vesicular inhibitory amino acid transporter (VIAAT).
VIAAT transports GABA or glycine into synaptic vesicles and is present in all inhibitory neurons,
but not in the superficial non-neural structures, which express the GABA synthase Gad1 (Oh et
al., 2005). The D6 site-specific DNA recombinase (Dre) has many Cre like characteristics, but
recognizes a distinctly different 32 bp DNA site (rox) (Sauer and McDermott, 2004, Anastassiadis
et al., 2009). As Cre and Dre are heterospecific, the crossing of a Cre and Dre mouse line with a
third mouse line Rosa26loxP-STOP-loxP-rox-STOP-rox-tdTomato only activates tdTomato expression in
neurons expressing both Cre and Dre recombinase. The successful usage was demonstrated in
our lab (unpublished data) as well as in other laboratories (Duan et al., 2014, Bourane et al.,
2015). Moreover, a fourth mouse line Rosa26loxP-STOP-loxP-rox-STOP-rox-iDTR shall enable the selective
ablation of iDTR expressing neurons in the spinal dorsal horn to identify neurons involved in
transmission and/or gate control of somatosensory processing.
In the future another Dre mouse line is planned, which expresses Dre under a promoter specific
for excitatory dorsal horn neurons, while sparing all primary afferent fibers. However, so far no
gene suitable for this approach has been identified.
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The observation of fibers in the lateral spinal nucleus (LSN), in the corticospinal and
spinothalamic tract might be a sign of PKCγ expressing projection neurons. Many projection
neurons are found in lamina I and around 80% of the lamina I projection neurons express the NK1
receptor. Interestingly, the majority of these neurons respond to noxious stimuli (Todd et al.,
2002). Whereas so called wide dynamic range (WDR) projection neurons located in lamina V
respond to both noxious and innocuous stimuli (Braz et al., 2014). Immunoreactive PKCγ
neurons colocalized with NK1 receptor immunoreactivity in lamina I as well as lamina III (Polgar
et al., 1999). Therefore the immunohisthochemical analysis of NK1 receptor and eGFP
coexpression shall elucidate the fraction of projections neurons among all eGFP positive cells in
both regions. If these subpopulations are a substantial fraction, the clear separation from
excitatory interneurons is fundamental to reliable map spinal circuits involved in processing
somatosensory information.

A unilateral AAV.flex.eGFP injection into the L3 – L5 segments of the spinal cord led to
expression of eGFP not only in the neuron’s somata but also in their fibers, this fact allows the
analysis of termination sites in the brain. PKCγ expressing projection neurons with somata in the
spinal dorsal horn project ascending axons to brain regions that have a role in somatosensory
processing. Around 80% of lamina I projection neurons terminate in the parabrachial nucleus of
the dorsolateral brainstem. Other targeted regions include the midbrain periaqueductal gray
(PAG), medullary reticular formation, thalamus and hypothalamus (Burstein et al., 1990, Todd et
al., 2000). By assessing the quantity of fibers or fluorescence intensity a mapping of supraspinal
termination sites should be possible. In a next step retrograde labeling by injecting tracers like
cholera toxin subunit B or fluorogold into the detected areas shall allow the analysis of the
laminar distribution of retrogradely labelled neuronal somata in the lumbar segment of the spinal
cord. In addition, the processing of noxious stimuli evoked pain messages lead to an upregulation
of cFos in activated neurons. The question could be addressed whether noxious stimuli activate
different brain regions by comparing the number of activated neurons and thereby relate specific
modalities to specific brain sites. However, viral vectors not only infect neurons with ascending
axons, but eGFP can also be expressed in PKCγ expressing descending fibers. Potential
supraspinal sites containing somata of neurons with descending fibers should be located easily by
the expression of green fluorescence. At least pyramidal cells in layer V of the cerebral cortex
should be labeled with eGFP as nerve fibers originating from these cells were visible in the
corticospinal tract. The presence of PKCγ immunoreactivity in the corticospinal tract was
demonstrated since some time (Mori et al., 1990, Malmberg et al., 1997, Polgar et al., 1999).
Also these sites could then be used to map somatosensory processing by injecting anterograde
labeling agents such as wheat agglutinin germ (WGA).

In the past there have been numerous reports about Cre induced cellular abnormalities or even cell
death (Forni et al., 2006, Lee et al., 2006, Harno et al., 2013, He et al., 2014). The results of the
highly sensitive in situ hybridization RNAscope suggested a rather low level expression of Cre
recombinase. Cre was not detectable by antibodies and only few mRNA transcripts per cell were
observed by the RNAscope method, hence Cre induced cell toxicity is unlikely. The highest level
of Cre is expected in homozygous PKCγiCre mice, in which PKCγ immunoreactivity is not suitable
due to the PKCγ knock out. There are various options allowing the direct or indirect
quantification of neuronal loss. To quantify the amount of lost neurons the most obvious way is
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the analysis of marker such as CCK, RORα, somatostatin, Pax2 and/or Lmx1β. These markers
are – at least partly – expressed in immunoreactive PKCγ neurons and eGFP positive cells and
can be used to quantify the absolute loss of spinal dorsal horn neurons.

CCK interneurons
In general, the infection of DRG neurons by viral vectors after intraspinal injections receives not
much attention. In CCKCre mice the DRG neurons targeted by flex.DTA were indirectly
visualized by the intraspinal injection of AAV.flex.eGFP. Thereby, a substantial number of eGFP
positive DRG neurons was visible and an effect of the lost DRG neurons on somatosensory
sensation in these animals cannot be excluded. The options possible to target specifically CCK
expressing spinal neurons are laborious or not even available. The use of different serotypes
might help to restrict the infection of viral vectors to the spinal cord and largely spare the DRG
neurons. A study showed the inefficient infection of DRG neurons by AAV3 and lentivirus
(Mason et al., 2010). As aforementioned an intersectional genetic strategy to ablate individual
spinal populations of neurons is the most elegant way to restrict recombinatory events to a
specific subpopulation of spinal neurons. Thereby two heterospecific recombinases Cre and Dre
are driven by distinct promoters and only in neurons expressing either recombinase, the
fluorescent protein and/or iDTR is expressed. An Advillin driven Dre mouse line is a possibility
to selectively target DRG neurons. (Zurborg et al., 2011). A selective targeting of superficial
excitatory spinal neurons could be achieved by a Lmx1β::Dre or Tlx3::Dre mouse line.
The implementation of a genetic intersectional approach is crucial to be able to link
somatosensory modalities to projection sites in higher brain regions. Unlike in the PKCγiCre
mouse line no fibers were observed in transverse spinal cord sections. Therefore the direct
determination of supraspinal sites receiving input from CCK expressing neurons is more
demanding. One possibility is the use of viral vectors carrying a Cre dependent marker, which is
able to cross synapses. Wheat germ agglutinin (WGA) has widely been used as a tracer of neural
circuits, because it is able to cross the synapse and is not neurotoxic. However, as non-replicating
tracers like WGA undergo dilution at each synapse, thus only a limited number of connections
can be detected. This can be beneficial in case of analyzing only direct connections, but
unfavorable in case of more extensive connectivity analysis. Furthermore, various reports stated
that WGA is not only transported in anterograde, but also in the retrograde direction (Gerfen et
al., 1982, Köbbert et al., 2000, Damak et al., 2008). Only recently, a Cre dependent, anterograde
transneuronal tracer based on a strain of herpes simplex virus (HSV) was described. As this
tracer is not diluting by crossing synapses plus it is conditional, the mapping of synaptic outputs
from genetically marked neuronal subpopulation is possible (Lo and Anderson, 2011). However,
initial experiments in another Cre mouse line revealed neurotoxcitiy already by a few days
(unpublished data).
Also for the investigation of primary sensory neuron classes innervating CCK interneurons, a
genetic intersectional approach is indispensable. Monosynaptic retrograde labeling by mutant
rabies virus was demonstrated to be a very powerful tool to identify the sensory neuron cell types
that innervated spinal interneurons (Bourane et al., 2015, Foster et al., 2015). To obtain the
infection of a specific neuronal subpopulation by the tracer virus, which subsequently spread
across a single synapse, a mutant rabies virus and a helper virus or reporter mouse line is used.
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The mutant rabies virus is EnvA pseudotyped plus carries the fluorophore eGFP. These genes
replace the original glycoprotein responsible for infectivity and transsysnaptic spread in wild type
rabies virus, hence the EnvA pseudotyped virus can only infect cells that express TVA, the
EnvA’s receptor. Since mammalian neurons do not express TVA, the infection of rabies virus is
restricted to TVA expressing neurons (Wickersham et al., 2007a, Wickersham et al., 2007b,
Weible et al., 2010). On one hand the selectivity of TVA expression can be achieved by a Cre
dependent AAV helper virus providing the missing genes, but only in the Cre expressing neurons
(Foster et al., 2015). On the other hand a TVA reporter mouse line can be used to induce TVA
expression in specific neuronal subtype only. Unfortunately, both approaches are not suitable for
the CCKCre mouse line, due to the fact that the injection of the helper virus let to an infection of
DRG neurons comparable to AAV.flex.eGFP injection. Quantification of the eGFP (from the
rabies virus) positive DRG neurons revealed expression predominantly with CGRP (data not
shown). The fluorophore mCherry from the helper virus was not strong enough to allow the
reliable discrimination of primary infected DRG neurons from secondary infected DRG neurons
as a result of monosynaptic crossing of the synapse.

If the perception of a certain sensory modality is related to a specific channel or receptor
expressed in a subpopulation of primary sensory neurons, the loss of these neurons could be
quantified. The cold mimetic icilin is a selective agonist of the TRPM8 channel, which is only
present in a distinct subpopulation of sensory neurons (Peier et al., 2002, Knowlton et al., 2010,
McCoy et al., 2013, McCoy and Zylka, 2014). The immunohistochemical analysis of TRPM8
expressing DRG neurons was demonstrated previously (McCoy et al., 2013, Ren et al., 2014,
Vinuela-Fernandez et al., 2014). Therefore, the question was addressed, whether sensory neurons
were double positive for both eGFP of the AAV.flex.eGFP and TRPM8 immunoreactivity. If no
double positive DRG neurons were found, the presence of TRPM8 positive fibers in ablated
animals would be assumed. The attempt with three different antibodies was not successful due to
unspecific staining. In the future the establishment of a working staining protocol would be
worthwhile, since the substantial number of eGFP positive DRG neurons cannot be neglected.
By performing neuronal activity mapping, the participation of CCK interneurons in an cold
sensing circuitry could be investigated. After noxious stimuli the protooncogene c-fos is rapidly
activated and subsequently lead to the expression of the protein Fos in spinal dorsal neurons
(Hunt et al., 1987, Schilling et al., 1991, Coggeshall, 2005). The activation of Fos by hindpaw
stimulation with noxious cold, menthol and icilin was demonstrated earlier (Knowlton et al.,
2010). After intraplantar icilin injection the majority of Fos positive nuclei were found in lamina
I – II, but a noticeable amount was also found in the deeper dorsal horn lamina III – IV (Knowlton
et al., 2010). In double transgenic CCKCre;Rosa26tdTomato mice the activation of Fos after icilin
injection into one hindpaw can be related to tdTomato positive neurons. If the Fos positive nuclei
found in lamina III – IV coexpress CCK, the participation of CCK expressing neurons in the icilin
induced nocifensive behavior is further supported.

Planned but then sacrificed due to time limitation: the quantification of the CCK interneurons
ablation. Due to the own and described (Xu et al., 1993, Xiao et al., 2002) observations of a
massive upregulation of CCK in the DRG neurons a similar phenomenon for spinal neurons might
be possible. To relate the extent of ablated CCK interneurons to the behavioral phenotype and to
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monitor the wellbeing of these interneurons for a longer period of time, the quantification shall be
done at various time points such as day 5, day 11 and day 30 after intraspinal injection. In order
to confine the ablated region to the site of injection, a Cre independent reporter AAV shall be
added to the injection solution containing AAV.flex.DTA. In addition the analysis of CCK
mRNA levels after intraspinal injections shall be considered to underpin the observation revealed
in the determination of neuronal loss.

Summary
Taken these results together, two mouse lines with ample potential are described. There is strong
evidence that two different but overlapping populations of excitatory dorsal horn neurons play a
critical role in somatosensory information processing. The CCK population appears particularly
relevant for nocifensive reactions to noxious cold. The more superficially located PKCγ
expressing neurons are crucially involved in the generation and maintenance of neuropathic pain.
The newly generated PKCγ mouse described in this thesis should open new avenues to the
analysis of the integration of these neurons in the spinal circuits and their function in in vivo
nociceptive processing. The advent of genetic intersectional strategies will in particularly allow
addressing the function of subpopulations of CCK and PKCγ in the somatosensory processing.
With the VIAAT::Dre mouse at hand, the investigation of a small inhibitory PKCγ expressing
neuronal population can be performed. As PKCγ expressing neurons are generally described as
being excitatory, the resulting findings may be of high impact. In addition, if an upregulation of
CCK mRNA after intraspinal injection in spinal neurons can be ruled out, the genetic
intersectional targeting of CCK interneurons is of high interest.

118

General discussion and outlook

References
Al-Khater KM, Kerr R, Todd AJ (2008) A quantitative study of spinothalamic neurons in laminae I,
III, and IV in lumbar and cervical segments of the rat spinal cord. The Journal of
comparative neurology 511:1-18.
Anastassiadis K, Fu J, Patsch C, Hu S, Weidlich S, Duerschke K, Buchholz F, Edenhofer F, Stewart
AF (2009) Dre recombinase, like Cre, is a highly efficient site-specific recombinase in E.
coli, mammalian cells and mice. Disease Models and Mechanisms 2:508-515.
Batista MF, Lewis KE (2008) Pax2/8 act redundantly to specify glycinergic and GABAergic fates of
multiple spinal interneurons. Developmental biology 323:88-97.
Bourane S, Grossmann KS, Britz O, Dalet A, Del Barrio MG, Stam FJ, Garcia-Campmany L, Koch S,
Goulding M (2015) Identification of a spinal circuit for light touch and fine motor control.
Cell 160:503-515.
Braz J, Solorzano C, Wang X, Basbaum AI (2014) Transmitting pain and itch messages: a
contemporary view of the spinal cord circuits that generate gate control. Neuron
82:522-536.
Burstein R, Cliffer KD, Giesler GJ, Jr. (1990) Cells of origin of the spinohypothalamic tract in the
rat. The Journal of comparative neurology 291:329-344.
Cheng L, Samad OA, Xu Y, Mizuguchi R, Luo P, Shirasawa S, Goulding M, Ma Q (2005) Lbx1 and
Tlx3 are opposing switches in determining GABAergic versus glutamatergic transmitter
phenotypes. Nat Neurosci 8:1510-1515.
Coggeshall RE (2005) Fos, nociception and the dorsal horn. Progress in neurobiology 77:299-352.
Damak S, Mosinger B, Margolskee R (2008) Transsynaptic transport of wheat germ agglutinin
expressed in a subset of type II taste cells of transgenic mice. BMC neuroscience 9:96.
Duan B, Cheng L, Bourane S, Britz O, Padilla C, Garcia-Campmany L, Krashes M, Knowlton W,
Velasquez T, Ren X, Ross SE, Lowell BB, Wang Y, Goulding M, Ma Q (2014) Identification
of spinal circuits transmitting and gating mechanical pain. Cell 159:1417-1432.
Forni PE, Scuoppo C, Imayoshi I, Taulli R, Dastrù W, Sala V, Betz UAK, Muzzi P, Martinuzzi D,
Vercelli AE, Kageyama R, Ponzetto C (2006) High Levels of Cre Expression in Neuronal
Progenitors Cause Defects in Brain Development Leading to Microencephaly and
Hydrocephaly. The Journal of Neuroscience 26:9593-9602.
Foster E, Wildner H, Tudeau L, Haueter S, Ralvenius WT, Jegen M, Johannssen H, Hosli L,
Haenraets K, Ghanem A, Conzelmann KK, Bosl M, Zeilhofer HU (2015) Targeted ablation,
silencing, and activation establish glycinergic dorsal horn neurons as key components of
a spinal gate for pain and itch. Neuron 85:1289-1304.
Gerfen CR, O'Leary DDM, Cowan WM (1982) A note on the transneuronal transport of wheat
germ agglutinin-conjugated horseradish peroxidase in the avian and rodent visual
systems. Experimental brain research 48:443-448.
Grabinski TM, Kneynsberg A, Manfredsson FP, Kanaan NM (2015) A method for combining
RNAscope in situ hybridization with immunohistochemistry in thick free-floating brain
sections and primary neuronal cultures. PloS one 10:e0120120.
Harno E, Cottrell Elizabeth C, White A (2013) Metabolic Pitfalls of CNS Cre-Based Technology.
Cell Metabolism 18:21-28.
He L, Marioutina M, Dunaief JL, Marneros AG (2014) Age- and Gene-Dosage–Dependent CreInduced Abnormalities in the Retinal Pigment Epithelium. The American journal of
pathology 184:1660-1667.
Hu J, Huang T, Li T, Guo Z, Cheng L (2012) c-Maf is required for the development of dorsal horn
laminae III/IV neurons and mechanoreceptive DRG axon projections. J Neurosci 32:53625373.

119

CHAPTER V
Hunt SP, Pini A, Evan G (1987) Induction of c-fos-like protein in spinal cord neurons following
sensory stimulation. Nature 328:632-634.
Knowlton WM, Bifolck-Fisher A, Bautista DM, McKemy DD (2010) TRPM8, but not TRPA1, is
required for neural and behavioral responses to acute noxious cold temperatures and
cold-mimetics in vivo. Pain 150:340-350.
Köbbert C, Apps R, Bechmann I, Lanciego JL, Mey J, Thanos S (2000) Current concepts in
neuroanatomical tracing. Progress in neurobiology 62:327-351.
Lee JY, Ristow M, Lin X, White MF, Magnuson MA, Hennighausen L (2006) RIP-Cre revisited,
evidence for impairments of pancreatic β-cell function. Journal of Biological Chemistry
281:2649-2653.
Lo L, Anderson DJ (2011) A CRE-DEPENDENT, ANTEROGRADE TRANS-SYNAPTIC VIRAL TRACER
FOR MAPPING OUTPUT PATHWAYS OF GENETICALLY MARKED NEURONS. Neuron
72:938-950.
Malmberg AB, Chen C, Tonegawa S, Basbaum AI (1997) Preserved acute pain and reduced
neuropathic pain in mice lacking PKCgamma. Science 278:279-283.
Mason MRJ, Ehlert EME, Eggers R, Pool CW, Hermening S, Huseinovic A, Timmermans E, Blits B,
Verhaagen J (2010) Comparison of AAV Serotypes for Gene Delivery to Dorsal Root
Ganglion Neurons. Molecular Therapy 18:715-724.
McCoy ES, Taylor-Blake B, Street SE, Pribisko AL, Zheng J, Zylka MJ (2013) Peptidergic CGRPalpha
primary sensory neurons encode heat and itch and tonically suppress sensitivity to cold.
Neuron 78:138-151.
McCoy ES, Zylka MJ (2014) Enhanced behavioral responses to cold stimuli following CGRPalpha
sensory neuron ablation are dependent on TRPM8. Mol Pain 10:69.
Mori M, Kose A, Tsujino T, Tanaka C (1990) Immunocytochemical localization of protein kinase C
subspecies in the rat spinal cord: light and electron microscopic study. The Journal of
comparative neurology 299:167-177.
Oh W-J, Noggle SA, Maddox DM, Condie BG (2005) The mouse vesicular inhibitory amino acid
transporter gene: Expression during embryogenesis, analysis of its core promoter in
neural stem cells and a reconsideration of its alternate splicing. Gene 351:39-49.
Peier AM, Moqrich A, Hergarden AC, Reeve AJ, Andersson DA, Story GM, Earley TJ, Dragoni I,
McIntyre P, Bevan S, Patapoutian A (2002) A TRP channel that senses cold stimuli and
menthol. Cell 108:705-715.
Polgar E, Fowler JH, McGill MM, Todd AJ (1999) The types of neuron which contain protein
kinase C gamma in rat spinal cord. Brain Res 833:71-80.
Punnakkal P, von Schoultz C, Haenraets K, Wildner H, Zeilhofer HU (2014) Morphological,
biophysical and synaptic properties of glutamatergic neurons of the mouse spinal dorsal
horn. The Journal of physiology 592:759-776.
Ren AJ, Wang K, Zhang H, Liu A, Ma X, Liang Q, Cao D, Wood JN, He DZ, Ding YQ, Yuan WJ, Xie Z,
Zhang WJ (2014) ZBTB20 regulates nociception and pain sensation by modulating TRP
channel expression in nociceptive sensory neurons. Nature communications 5:4984.
Sauer B, McDermott J (2004) DNA recombination with a heterospecific Cre homolog identified
from comparison of the pac-c1 regions of P1-related phages. Nucleic Acids Research
32:6086-6095.
Schilling K, Luk D, Morgan JI, Curran T (1991) Regulation of a fos-lacZ fusion gene: a paradigm for
quantitative analysis of stimulus-transcription coupling. Proceedings of the National
Academy of Sciences of the United States of America 88:5665-5669.
Todd AJ, McGill MM, Shehab SAS (2000) Neurokinin 1 receptor expression by neurons in laminae
I, III and IV of the rat spinal dorsal horn that project to the brainstem. European Journal
of Neuroscience 12:689-700.

120

General discussion and outlook
Todd AJ, Puskar Z, Spike RC, Hughes C, Watt C, Forrest L (2002) Projection neurons in lamina I of
rat spinal cord with the neurokinin 1 receptor are selectively innervated by substance pcontaining afferents and respond to noxious stimulation. J Neurosci 22:4103-4113.
Vinuela-Fernandez I, Sun L, Jerina H, Curtis J, Allchorne A, Gooding H, Rosie R, Holland P, Tas B,
Mitchell R, Fleetwood-Walker S (2014) The TRPM8 channel forms a complex with the 5HT1B receptor and phospholipase D that amplifies its reversal of pain hypersensitivity.
Neuropharmacology 79:136-151.
Weible AP, Schwarcz L, Wickersham IR, DeBlander L, Wu H, Callaway EM, Seung HS, Kentros CG
(2010) Transgenic Targeting of Recombinant Rabies Virus Reveals Monosynaptic
Connectivity of Specific Neurons. The Journal of Neuroscience 30:16509-16513.
Wickersham IR, Finke S, Conzelmann KK, Callaway EM (2007a) Retrograde neuronal tracing with
a deletion-mutant rabies virus. Nat Methods 4:47-49.
Wickersham IR, Lyon DC, Barnard RJ, Mori T, Finke S, Conzelmann KK, Young JA, Callaway EM
(2007b) Monosynaptic restriction of transsynaptic tracing from single, genetically
targeted neurons. Neuron 53:639-647.
Xiao HS, Huang QH, Zhang FX, Bao L, Lu YJ, Guo C, Yang L, Huang WJ, Fu G, Xu SH, Cheng XP, Yan
Q, Zhu ZD, Zhang X, Chen Z, Han ZG (2002) Identification of gene expression profile of
dorsal root ganglion in the rat peripheral axotomy model of neuropathic pain. Proc Natl
Acad Sci U S A 99:8360-8365.
Xu XJ, Puke MJ, Verge VM, Wiesenfeld-Hallin Z, Hughes J, Hokfelt T (1993) Up-regulation of
cholecystokinin in primary sensory neurons is associated with morphine insensitivity in
experimental neuropathic pain in the rat. Neurosci Lett 152:129-132.
Xu Y, Lopes C, Wende H, Guo Z, Cheng L, Birchmeier C, Ma Q (2013) Ontogeny of Excitatory
Spinal Neurons Processing Distinct Somatic Sensory Modalities. The Journal of
Neuroscience 33:14738-14748.
Yasaka T, Tiong SY, Hughes DI, Riddell JS, Todd AJ (2010) Populations of inhibitory and excitatory
interneurons in lamina II of the adult rat spinal dorsal horn revealed by a combined
electrophysiological and anatomical approach. Pain 151:475-488.
Zurborg S, Piszczek A, Martínez C, Hublitz P, Al Banchaabouchi M, Moreira P, Perlas E,
Heppenstall PA (2011) Generation and characterization of an Advillin-Cre driver mouse
line. Molecular Pain 7:66-66.

121

Appendix
Vector used for PKCγiCre mouse line

VECTOR pBluescript_5’arm_Kozak-iCre-frt-Neo-frt_3’arm_DTA 21646 bp DNA circular
DEFINITION
FEATURES
Replication_ori
Misc._recombina
Restriction_site
mRNA

Region
Region
ORF
PolyA_site
Misc._recombina
Promoter

Location/Qualifiers
complement(50..717)
/label="pUC origin of replication"
1141..10982
/label="5' long homology arm"
5861..5866
/label=NdeI
10727..10984
/gene=ENSMUSESTG00000006130
/label="5' UTR PKC gamma"
10828..10982
/label="5' short homology arm"
10983..10990
/label="Kozak consensus sequence"
10991..12046
/label=ICre
12049..12272
/label="BGH polyA"
12333..12366
/label=FRT
12424..12938
/label="PGK promoter"
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Restriction_site
Promoter
CDS
PolyA_signal
Misc._recombina
Misc._recombina
Region
CDS

Restriction_site
CDS

Restriction_site
ORF

12675..12680
/label=SpeI
12941..13006
/label="EM7 promoter"
13007..13807
/label="Neo cds"
13824..14126
/label=bGHpA
14127..14160
/label=FRT
complement(14184..18254)
/label="3' long homology arm"
complement(14187..14258)
/label="3' short homology arm"
join(14259..14368,14715..14746,15881..15969)
/gene="PKC gamma"
/protein_id=ENSMUSESTP00000012064
join(15593..15598,15594^15595)
/label=NdeI
18261..19847
/note="Diphtheria Toxin A with promoter and pA for
negative selection"
/label=DTA
19884..19891
/label=NotI
20688..21545
/label=AmpR

ORIGIN
gaccaaaatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagat
cctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaag
agctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccgta
gttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgcc
agtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacgg
ggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaag
cgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggag
cttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgat
gctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttt
tgctcacatgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgct
cgccgcagccgaacgaccgagcgcagcgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccgcctctcc
ccgcgcgttggccgattcattaatgcagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaat
taatgtgagttagctcactcattaggcaccccaggctttacactttatgcttccggctcgtatgttgtgtggaattgtg
agcggataacaatttcacacaggaaacagctatgaccatgattacgccaagcgcgcaattaaccctcactaaagggaac
aaaagctggagctccaccgcggtggcGCCTCGAGATTACAGCACTCCAAAGACAGAGGCAGGCAGATCTCTTTGAGTTC
GAGGCCAGCCAGCCTGATCTGCATAGTGAGTTCCAGTACAGCCACAACAGAACAAACAAACAAACAAAGATGCAAGGTC
AAAGAGACCAAAGTTAACCCAAGTGCACTGGGTGAGCCAGTGAGTGGACTGGAAATACTTGCAGGGGCATAGAGAAGCC
CACCCCAACATGGAAGACTCATGGAAGACGCATTTCTGGGGTACACTGCTCAACTTGTAGTCAGCTGGGCAGAAGAGTC
TTCCTGTCCTCTCTTAATTGTTTGCTGCTCATATATTACTTCAGCTTTGGGAGGGGCCTCATAGCACAGCCCTGTAACT
TTCTGAGCCTTGGGGGTTCTATGGTTTGTCTTTCTAACATGTAATTATTGTGTGTGTGCATGTATGTGTACACCCCATA
GCCAGTGTATGGAGGTCAGAGGACAATTTGCAGAATTCCACATGGTCTATCCACCATGTGGGTCTTGGGGACAGAACTC
AGCTTATCATGCTCTGTTGTAAGTCTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCAATTTATTTATTTATT
TTCCATATATGAGTACATTGTAGCTATACAGATGGTTGTGAGCCATCATGTGGTTGCTGGGAATTGAACTCAGGACCTC
TGCTTGCTCCAGCCCTGCTTGCTCCAGCCCAAAGATTTATTTATTATTATATGTACGCTGTACATATAATAATAAATAC
ATACATAAGTAATATTATTATTATAATAATAAATAAGTACACTGTAGCTGTTTTCGGACCCACCAGAAGAGGGTGTCAG
ATCTCATTACGGATGGTTGTGAGCCACCATGTGGTTGCTGGGATTTGAACTCAGGACCTTCAGAAGAGCAATCAGTGCT
CTTACCTGCTGAGTCATCTCAACAGCCCATGTTGTAAGTATCTTTACCCACTGAGCCATTTAGTTGGCCCTTAGTCTCT
ATAGCTTTTGAGTTATTTGAGTCCCTCCCCTCCCTCTATCAGCTGATGTTCAATTCAGAAGAAATAACTACAGAACTGA
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CAATAGTAATAAGAAAATTGGACCTGGAAACCACCTTCTCATATCTTTAGTGGCATCAGCCGAGAGGTCAGACAGTTAA
CATCCTGAGAAGGGCTCTGGCATTTGGTCCTAGTTCTGAGCCTCTAGGACAAGGAGACAGAAGCTGTGGTTTGCAGTGT
AAAAAAAGAGATGTGGCTGGGCAGTGGTGGCACATGCCTTTAATCCCAGCACATGGAAGGCAGAGGCAGGTGGATCTCT
GAGTTCAAGGCCAGCCTGGTCTACAGAGTGAGTTCCAGGCCAGCCATGGCTACACAGAGAAACCCCGTCTCGAAAAAAC
AAAACAAACAAAAAGATGTTAGTCCTTCCACTCACTTCCCATGTCAGGGTTACATGGTACACTAGAAGGCCGAGAGGCC
TGTCCTGAGGTCTAGCCCTGCATGACTGATCTCGAAAACTAGAGATTTCAGTGGACTGCTCAATGAGAATGGAGGGAGT
TGAATTTTCCTGTACTTGAGGTACCTGTTAGCTGAGTCCCTGGAGGAAGTGATAAGCTCAGAGATAAGAAAGCAGAAAC
TGAGCAGTCTTCAATTCTCCAGGTCTGAGGTAGGATTGGGGGTGGGGTGGGTGAAGCTTGAAAGGAGGGGAGAAAGAAA
GCATAATGTTCCTGGTCAGAGATCTCTGGAAGAGGAGTGAGAAGGATGCAGGTCCAGTACTCTGGTTAGATGTGGGAGG
TGGAATAGAAGATGGAATTTTGAGTGGGTAGGGGCTGCTAAGGTCTATGTTGCTCTTATGTACACGAAATCTTTTCACA
GGGCATAAAGTATGAGGAAGTTAGAGTCTTGGCTATGGAGAAGTTAGAGATGACTGAGTCGCTGTGGATAAAAGAGGGA
ACTTTGTACACAGGGCCTGGGGTAAAAAAAAAACCCTAGGTCACACACAGGAGGAAGTGAAGTACAGGCTAGATCTTAG
ACCATATCTTTCATTGCTGGGTGGGTGGTTTTGTTGTTTGTTATAAAACAGGGTTTGTTTGTTTGTTTGTTTGTTTGTA
ATAAAACAGAGTAGCCTTGACCATTCTGGAACTCACTCTGTAGACCAGGTTGGCTTTGTTTGTTTTAAAGGCAGAACCA
CATTCTGTAGCCCAAGCTAGCTTGGACTTTATTACAGAGCCGAGGCTGGTCTCCATCTCACAGTAGCCTTCCCACTTTA
GCCTCCCAATTTCTAAGATCATGGGTGTGCCCTTCTTGACTTGGTTTGCGTAGTGCAGGGTTCAGATCCAAGGCTTCCT
GAATGATATAGACAAGCGTGTTACCAGCTAAGCCACATCCCCACGGTCAAAGTTGTAGGTGTATGTTTGGGGTGAGTCT
GTATGTGTTCGCATGGAGGTCAGAAGTTGGTTTTTTCCTTCCAGGAGTTATGTCCCAGTAAGCCAGCTCTAGTTTTCCA
GCATGGCAGCACACACTCCCGTGGATAGGATGCTGACTCCCTGGGAAAGGGAAGCAAGAAGTATAGCTTTGAGTGTTTG
GATTTTGGGTTTTCTTATGGGTAGGGCTAGGATGAGCCTAGAACCTAGATGACCAATTCATTTTTATAGTTTATAGACA
AGTTCCATATATTAAGACACATCCTTTTCAGAATTCAAAGTAATTTGTTCCAAAACGGATGAGGGCTGGGTACCTGGAT
TCCTCAGTATGTGAGATCTTACCCAAATGCTTTTCCTTTTCTCAGCCATGCCGGTAACAGTAACTCGTACAACCATCAC
GACTACAACGTCATCCTCCACCACTGTGGGGTCCGCTCGGGCGCTGACCCAGCCGCTGGGCCTCCTCCGCCTCCTGCAG
CTAATATCCACCTGTGTGGCTTTCTCGCTGGTGGCCAGTGTGGGTGCCTGGACAGGGCCCATGGGTAACTGGGCCATGT
TCACCTGGTGTTTCTGCTTTGCTGTTACCCTCATCATCCTGATTGTGGAGTTAGGTGGACTCCAGGCCCACTTCCCCCT
GTCATGGCGAAACTTCCCCATCACCTTTGCCTGCTACGCGGCCCTCTTCTGCCTGTCGTCTTCCATCATCTATCCCACC
ACCTATGTGCAGTTCCTAGCTCATGGACGTACCCGGGACCATGCCATCGCTGCCACCACTTTCTCCTGCGTTGCCTGTT
TGGCGTATGCCACTGAAGTGGCCTGGACCCGTGCAAGGCCCGGTGAGATCACTGGCTATATGGCTACCGTGCCAGGGCT
GCTCAAAGTTTTTGAGACCTTCGTAGCCTGTATCATCTTTGCCTTCATCAGTGAGCCGCTCCTGTATAATCAGAAGCCA
GCCCTGGAGTGGTGTGTGGCAGTCTATGCCATCTGCTTCATACTAGCAGGGGTGACCATCCTGCTCAACCTGGGGGATT
GTACCAACGTGTTGCCCATCCCTTTCCCCACCTTCCTCTCAGGCTTGGCCTTACTCTCTGTTCTCTTTTACGCCACTGC
CATCGTCCTCTGGCCCCTCTACCAATTTGATCAGAGATATCAGGGCCAACCCCGCCGTTCAATGGATCCAAGCTGCACT
CGTAGTATTAGTTATATACAACCCAACACGGTGTGTTTCTGGGACCGACGACTGGCGGTGTCCATCCTGACAGGTATCA
ACCTGCTGGCATATGTGTCTGATCTGGTGTACTCCACTCGTCTGGTGTTCGTCAAGGTCTGAGATTGACAAGGGGCTCC
CTTCCCCATCTCTCCTTGCAGCCTCTTCAACCAGTTGATTACCCAGGTGATTGGTACCATCCTGTTTTCTCATCTCCCT
CCCATTTCCTCTTCCCTGTTAGATATGTATAGTCTTCCTTATTCCCCGTTTGCCTTTTCTATCTCTTTCTTACCTTTCC
TCTTCTGGTATGCCTGTTTTACCCTTGAGCTGTGGCTCCACAGTTTGCCTCGTTCATTTTTTTTCTATCTCTATAGTCT
TTCCTGTGGGTTTTATCACCTGCTTATTTTCTTGGGAGCCCTAAGAAATCTTGCTTTCTTTCCCTCACCCCTCAAAGGT
GCTGGCCCCACACATCCCACACTCCTTTACAGTTACCCACACTCTTTTGCAGTTCTTTACTCCAAGGGTCTCTTTAGGG
GCCTCATTGCCAAAGCATGCCTGCCTGCCTGCCTGCCTTAGCTGTGCCTTAGTCTGTGTGTGTGTGTGTGTGTGTGTGT
GTGTGTGTGTGTGTGTGTGTGTGTGTTAAGGGGATTGGGAAGCAGGCCATATAATGTACCTCTCCTTTAAATTCAAAAC
AAAGCAAACAAAATCCTGGAGGTCAGCAATTCCCGGTGGCCAGAAGTCAGCATTATGCAGTCTCTGCCTCTACTTGTCA
CTCAACGTTGCACCAAATTGGCTCTAGATTTTTTTTACCAGGCTTACTGAAAGCCCACCACCTAGAGGATAGATACCCT
AGATGAAGCAATGGATGGGCACCTTTTCCTAAACGATTCTCTGTGCTATTTAAACAAACCCAACAAAAATATCCACATG
GTATCTCTCTCTGTGTCTCTGTCCCTCCCCCCACCCCCAGGGTTTCTCTGTGTAGCCTTGGCTGTCCTGAATTTGCTCT
GTAGACGAGGCTGCCCTCTAACTCAAGATATCTGCCTGCTTATGCCTCCCTGGTGCTGGGCTTAAGGGTGTGTGCCATC
ACTGCCAGGCCACCCATATGGTCTTAAGACAACTCTGAAGTATTTCTGAGCGTCAGTAATGGCTGCTCGCTTATCTCAG
TGTTAAAAATAACAAGGTCTGCTTTAGCAGGAATGAGAAGAGAAGGAGCCTTTGCCGGCCTTAAAGGCATTAAGATCAT
TAAGCTCATCTTTTCCTTTTCTGAACACAAACAAAGCAATCAACTAAAAAGCCCTTTTTTTTTTTTTAATAGCTTTAGA
GATTTTCTTAATGTGGCCCATTCTGGTCTCAAACATAATTGTGTAGGTGAGGCTTCCATTGAACCCTTGTCTTTCTGGC
TCCACCTTCTGGGTGCTGAGAGTACAGATATACCACCATACCCTCGTTGTGTAGCCCCGTTAAAGAGAGAAGGTCCTTA
GACATCTTTTCTTGGGCTACAGGGTAGGTTTGGGAGTAACAGGATTGGAATGGCTTGTGTGTGCTGTACATGAACCCGG
GTCCTCTCATGTGCTGCTTGCTTCTTGCTGCTGCTTTCTGCTTCTTTGACATTACTAGGTATATATGGATAAATAAATG
TATAAATATATATATATATATTTTAATTTTCTGGAGCTTTGGGTTCCTGTAGCTCCTGCTGTCAGTCACCCTTTCCCAC
CCCTCACATCCATAATGTTCTTTTTTTAAAAAACAAAAACAAAAAAAACCCTCAATATAATGATAACAGGAAGACTCAT
GCTTTCTTTCTCTCCGGGTGGGTGGGGAGGAATGAAGGACTCCAAGAGAGAGGTGAGACTCAGATTCTTCAGTTTGATG
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ACAGAAGGGGCGTAGGACTAAGACAACCTTGGCCTCATCAGAAAACAGTGGCAGAGCCTGGGTCTCCCCCCCCCCAAAG
TTATGTATTTATTTTAATTTTATGTACATTGTTGATTTGCCAGCATGCATGTCTGTGAGGGTATTGGGTCCCCTGGAAC
GGGAGTTACAGACAGTTGTGAGCTGCCATGTGGGTACAGGGAATTGAACCCAGGTCCTGTAGAGGAGAACCACTGAACT
ATCTCTCCAGCCTCCCCGAATCCCCACCCCTTTAAGCTGGTCTCATGTAGACAAGGCTGGCCTCAAACTCAATATGTAG
CCAAGTCCTACCTCCTCCAGTGCTGGGATTACAAGTAAAAGCCACCACACCCCGTTTATGCAGTTTTGGGGACTGAGCC
CAGAGACTGGCCCATGCTGGGCAAGCACTTTACCATCCGAGCTATATACCATAGCCGGATAGTCTTCTTAATTCTTCAA
AATGGGGGTGTGGGAGCCTTGGGCGCTCAGGGGTTGTTGAAAGCACTTGCTTTGGCACCGTGAGAACCAGGGTTCAGGT
CCCAGACCCAAGAAACAAGCTGAACATCCCCTCAAATGCATGCAACACCCCCCATGGTAAAGGTGGGGGCACAGAGAGT
CACTGGGCTTGCTGGCTTCCTGCCTTAGACAAATACGCAGTGAAGGAAATGACAGATGGTGCCATTTTCTGGCCTCCAC
GACTACACTCACAGGAACATACATTTTATAATCTTAAAAAGAAACTAGGAACGTTGACTAGGAAAGACAAGAATGCAAT
TTCTCCCACAGAAAGTCCCTTGAGAAACACAAGGCACTATGGTTTGGCAAGTAGCTTAGAGGGAAAGTACTTGCTTAGC
ATGTACAAAGGCCCTGGCAGGCCTGTCCCTAGCAATACACACAGATTCAGGAAGAAAATACCACTTGGGCAATTCAGAA
ATACAATGTCCCAGTGCTGAGAGGTGATTTTGCAATTAAAAAAAAAAAAAATGCTTGCGTCCAGTTCATAGCGCCCCCT
TCAGGAGCTGAGCTCACAGCTACAATCAGGAGAGATAGCTCAGATTAAAACCACTGACACCAGGCTGGGTGTGGTGGCA
CATGCCTTTAATTCCAGCACTTGGGAGGCAGAGGCAGCCGAATTTCTGACTTTAAGGCTAGCCTGGTAGTGAGTTCCAG
GACAGCCAGGGCTACACAGAGAAACCCTGCCTCGAAAAAAACAAACAAACAAAAAACCCTGATATCCTTTGGCCTCCAT
GATCACACACATAAAGAAATTTCAGGATCATACAATCTCTTTTTGCACCTGTGCCCACACAAAGGTAACTTGGAAAACA
TTTGGAATAAGTTTGGAAGTGAATGAAAAGTAAATAAAAGGAAAGGACTGCTCTTAGGTATAGTGGAGGAGGAGAAGGT
TTATTGTTGATAAAAGGGAGGCATAGCCAGAGGCAGGGACATCTAGGAGAGTCCAAAGTGACTCTGAGGTGGGCCATGT
AAGGAGAGCGGGGAAGCTAGGAGACCAAGAGGCCAGGACAAAAAGGGCCTGGTAACCAAAATGGCTGGGATATAGAGGG
GAGAGCAACTGGTGGAAGGGCAGGCAGCCCAGCTCCTGAACTGAAGGAGTTTAAGGTAGGGGGTTGAGATATACCAGCC
GTATTCTGTAACTGGTCGTGACTGAGGGATGCTGGGAGAGCTCTGCTTTGATATGTTAAATAGGCACCTCAGTTAACCA
TTTGCCCCAGGTTTGAGACCTAACAGGAAGTACATGGGAGAAGAGCCAGTGAGGACACACACTTTGGGGTGAGAAGTCT
TTATTTCTTCAGTGCTTACCAAGACGTATCTACACCAATTCCTCTTCTCAAGAGGCCATCGCATCCACTCCTTCCCGTC
CTGGTTCAAGAATACCTTCTGGAAGACACCAGAAAGAATAGCTAGAGGGTTGTGTGGATCAGTTGGTAGAGTGCTTGCC
GAGCAAACACAAGGTCCCAGGGGCAATCTCCAGTATCTGAACACTTCCCTACCCCACGGGTGATGATAGATGCCTATAA
ACCCAGTTCTTGGGAGGTAAAGGCAGGAAGCTCAGATGTTGGTTATCTTTGATTACCTAGCAAGTTTGAAGCCAGACAG
GAAATACACAAAGATTTACTTACTTACTTACTTATTTATTTATTTATTTATTTATTTATTTATCAGACAGATACCGTGT
AGCTCTGGCTGGTCTGGAACTTGCTATGTAGATCAGGCTGGCATCAAACTCACAGAGGTCCTCCTGCTTCTGCCTGGGA
TTAAAAGTGTTCAAGCCCTTATTTAAACAACAACAACAACAACAAAATAGAACTGTAGCGTCCAGTGATCTGCTGCTTT
AACTCGGGAAAGCAACAGAGGAAGAAGCTGTACCCCCAGTGCCCTTCACCCGTTGCCCCAGAAAACCACAGACATCAAT
AAATAGGCTTGCAGGTTGGTCAGAGAACTCTGTGTTCAGAAGGGTGCTTGAGGACTGACTCTAATTCCTTCACCTCCCC
TGCACCTTCTGGAATTCCGACTCCACTGCGACCTCAGCAAAACCGCAAAAACGACGTGTTGCTGAACCGACACCCGCGC
CACCGCAGCCGCCGGCATTGCACGCCGGGAGTAGTTTTCCTTTGCGTCCCAAGAATAGCGTACACGAGGGCCCCAACTA
TAAGTCCCAGAGTGCACTGAGCTCGACAGCCTCTGGCGGGCCAGGATTCCCTAGAACGGCTTCCTGCCAGAATGGATCC
GTAGGAAGACTGGAACCTCAAGAAAGGCGCATCGTGGGGCGTGACCTGGGGAAGAACTCAGGGGAGGAGAGACCTGGGC
GTGTGCATAGGAAATCCCAGGGTGACACTGAGTTGGGAGAACCACTCAGGTGGAGAGTCACAGGGAAACACGAGAGACA
CCCAAGACAGAGCATAGGGAGATCCAGAGTCAAGAAATACACTCTGCTATAGTCATAGGGAGATACGGAGGGGACAGGC
CCTCAGAGATGGAGAGTTACAGGGAGACGTGGATAAAGGAGAGACCTCCAGGGCTGGAAAGCCATAGACAGAGTGGGGA
GAATCCCAGAGACGGAGTCTCGGGGAGGCAAAGGAGGGAGAGACGACAAAGAGGAGAGTCGAGATTCCCCCGAAGACAG
TCCCAAGGAGACACCGAAAAGGGTCAATATCCCCCCAGAGACAGTCACAGGGAAAGAAGGAGAGACCACTAGAGCCAGA
GTCACATGGAACAGGGGGGGGACCGCAGAGATAAAGAGGATCACAGGGCCAAAAGGAAAAACCCTGAATGGGTCAGAGA
AAAGGACAGAAGGGAAAGGCAACTACTCAGAGAAAGCGCCTTCTAGCGACAGGAAAGGAGAAATACAGAAGCAGGGAGT
GACGGACATCGGGAATTTAACTAGGGAATTTAACTAGCTGAATTTAACTAGCAAAGGTGAACACAGATTAGCGAAGATC
GGGAAAGGCAGGACAATGGAAATGAAAACATTTTCAGTACACCATGTGGTGCATGAGGAGAGACGTGAGCAGGAAAAAG
AGAGAAGCAGAGAGGGAGAAATGGAGAGAGTAAACAGGAAAGAAGAGAGGAAAAGAGAGAAAAGAGTGAGAAGGCAGAG
AGAAAAGAAACACACCCAGAGGGAGGCATAGCACCAAGCCCAGAGGCTCTAAGAGCGATAAAGAGCCTGAAGCATCACG
AGGAATGAGACACTAGCCTCCGTGTCTATCAGAAAGTCCTCAGCACTAAAGACAAAGTTTCTTGATTAAAAGATTAATA
TGCCCAGAGACACACGGGTCTACCCCAGATTCTAGATCCTGACAAAACCTACTCATGCGGCTGAGTGGGGGAGGAAGAT
GGGTGTGGGGGCCAAGATGACTGACTGACTGGGAGAAAGGGGGTGGACAAGGCTCGGAGGACGTCCCCTCCTTGCATAG
AGCCTGCGGAATGGAAGTGTGCATGTGGAGAGGagggaggggcaTctgTcccgggcggggggggggggctttaaactga
aacCccgccCcttggtcgtcatggcaaCgCCTTCCCCCACCCCCGACTTCTACatttCAGCAGGTGCTGAGAGCGAAGC
TCCCGCCGCCGCCCGTGCCTGCGGCTCCTTGATGCCCCAGCCTTCAGCTCTGACCCCACCCGCTTTCTCCCCGGTCGGT
GCTGCCCGTGCCGGGGTGTTGCTTTCTGCCGTGTGCTGTGCACCGTTAGGTGCCTTGCCCCTGTCCTTCCTATCTCAGA
GTCTGCGGAGTCCTCCTACCGCCGTCCACCTGTTTCCTCGGAAAAAGGGCCAGCTCGTGATCCCTTCTGCGTTCCTGGG
GCCGCCACCATGGTGCCCAAGAAGAAGAGGAAAGTCTCCAACCTGCTGACTGTGCACCAAAACCTGCCTGCCCTCCCTG
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TGGATGCCACCTCTGATGAAGTCAGGAAGAACCTGATGGACATGTTCAGGGACAGGCAGGCCTTCTCTGAACACACCTG
GAAGATGCTCCTGTCTGTGTGCAGATCCTGGGCTGCCTGGTGCAAGCTGAACAACAGGAAATGGTTCCCTGCTGAACCT
GAGGATGTGAGGGACTACCTCCTGTACCTGCAAGCCAGAGGCCTGGCTGTGAAGACCATCCAACAGCACCTGGGCCAGC
TCAACATGCTGCACAGGAGATCTGGCCTGCCTCGCCCTTCTGACTCCAATGCTGTGTCCCTGGTGATGAGGAGAATCAG
AAAGGAGAATGTGGATGCTGGGGAGAGAGCCAAGCAGGCCCTGGCCTTTGAACGCACTGACTTTGACCAAGTCAGATCC
CTGATGGAGAACTCTGACAGATGCCAGGACATCAGGAACCTGGCCTTCCTGGGCATTGCCTACAACACCCTGCTGCGCA
TTGCCGAAATTGCCAGAATCAGAGTGAAGGACATCTCCCGCACCGATGGTGGGAGAATGCTGATCCACATTGGCAGGAC
CAAGACCCTGGTGTCCACAGCTGGTGTGGAGAAGGCCCTGTCCCTGGGGGTTACCAAGCTGGTGGAGAGATGGATCTCT
GTGTCTGGTGTGGCTGATGACCCCAACAACTACCTGTTCTGCCGGGTCAGAAAGAATGGTGTGGCTGCCCCTTCTGCCA
CCTCCCAACTGTCCACCCGGGCCCTGGAAGGGATCTTTGAGGCCACCCACCGCCTGATCTATGGTGCCAAGGATGACTC
TGGGCAGAGATACCTGGCCTGGTCTGGCCACTCTGCCAGAGTGGGTGCTGCCAGGGACATGGCCAGGGCTGGTGTGTCC
ATCCCTGAAATCATGCAGGCTGGTGGCTGGACCAATGTGAACATTGTGATGAACTACATCAGAAACCTGGACTCTGAGA
CTGGGGCCATGGTGAGGCTGCTCGAGGATGGGGACTGAGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCT
CCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTG
TCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGG
CATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGTCGACCTAGTGGTACCCAATTCGCCCTATAGTGAGAGCTTGATAT
CGAATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCAGGTCTGAAGAGGAGTTTACGTCCAGCCAAGCTAGCT
TGGCTGCAGGTCGTCGAAATTCTACCGGGTAGGGGAGGCGCTTTTCCCAAGGCAGTCTGGAGCATGCGCTTTAGCAGCC
CCGCTGGGCACTTGGCGCTACACAAGTGGCCTCTGGCCTCGCACACATTCCACATCCACCGGTAGGCGCCAACCGGCTC
CGTTCTTTGGTGGCCCCTTCGCGCCACCTTCTACTCCTCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGCAGCTCGCGTC
GTGCAGGACGTGACAAATGGAAGTAGCACGTCTCACTAGTCTCGTGCAGATGGACAGCACCGCTGAGCAATGGAAGCGG
GTAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTTTCTGGGCTCAGAGGCTGGGAAGGGGTGGGTCCG
GGGGCGGGCTCAGGGGCGGGCTCAGGGGCGGGGCGGGCGCCCGAAGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCA
AAAGCGCACGTCTGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCTGCAGCCTGTTGACAATTAATCAT
CGGCATAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGGATCGGCCATTGAACAAGATGGATT
GCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGAT
GCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAAC
TGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGA
AGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAA
GTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAAC
ATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCT
CGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGATGATCTCGTCGTGACCCATGGCGATGCC
TGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCT
ATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTA
CGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGGGGATCAATTCTCT
AGAGCTCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGA
CCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTC
TATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTG
GGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCGACTAGAGCTTGCGGAACCCTTCGAAGTTCCTATTCTC
TAGAAAGTATAGGAACTTCATCAGTCAGGTACATAATATGGATCCCCGGAAGTCACAGGATCGGGTCTGGGCCCTGGCG
GAGGCGACTCAGAGGGGGGACCCCGACCCCTGTTTTGCAGAAAGGGGGCGCTGAGGCAGAAGGTGGTCCACGAGGTGAA
GAGCCACAAGTTCACCGCTCGTTTCTTCAAGCAGCCAACCTTCTGCAGTCACTGTACCGACTTCATCTGGTGAGGGAAG
CGGGCTAGGGGAGAGGGCTGGAAAAGGAGGGGACTTGGGAACAGTCATGTCACACTGGTCCCCAAGCGACTGAGCAGAG
AGGGGCTGCAGCTCCCACTCCTGGGCTTAATGGCAGGGGGTGGAAGTCTGGGTTCCTGGGTCTGAGGGAGGAAGAGCCA
GGCTGGATTCTAGGGTCCAAGGGAAAGGGAGCTGGGACTAGAAATTTTGGGTTCTCGGAGAAGGCAACTAGGACTCAGA
CATCTGGGTGAAATTGGGAAACTGCAAACCTATGTCTTGCAAGGTGGGAGGGCCCGGGTACCCCTCTTTGCACTGACCT
TAGATCCTTGACTCTTCCAGGGGCATTGGAAAGCAGGGCCTGCAATGTCAAGGTAAGAGCTGGGACCTGGACTTCTGGG
ACCCCTGAGGGTGGAGGCTGGGGCCTCACAGCTGAGGCGGCTGACACACGTGTTCTGTGGTCCCCAGAGAGGCGCGGGG
GAGCCCTGGGCGGGGGGGTGTGGCAGAGACACACAGCCTGTGGTGGGGAGGAAACTCTGATGGCAGGGCCACCGCGGAG
GTGGTGCTGGGGGCCCCTCCCTCGGCCGGTTCCAGGTGGGGACAGATATTTGGAGAATCTGTTTCCATGGGAACAGGGA
GATTTGGAAAAGGGGAGCTGAAGGGGGGAGGGGTTCAGAGATGCAAAGTCAGAGCCCCCCCCCAGACTGCCGTTGCCAT
GACAACACCATTCATCCTAAAGCAGGGGCAGGCCGGGTGGGGTCACTAATGGGCGGGTGGGGGCCGGGCAAGGGGGGCG
AATCCTAAAACACCAGCTGCCACTTGGCTAAGAACAGAGTGACTCAAGGTGGGAGGCGGGCCGAAGCAGCACCCCCAGA
CTCACTTCTGTTCAAGTTGCTGCTCTCTATGTCTCCCTTGTCTAAGGATATTTCTGTTTTTTCTCTTCAAAACCTGTCT
TCCTCTTTCCTTGCTTTTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTCTCTCTCTC
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TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCTTTCCACTTTCTCTGTGTGTGTGTGTGTGTGTGT
GTGTGTGCGCGCGCGCGTGCGCACCCAAGCATATGGGGGGTTGTGTTACTTTGTGTTTCTCTGTCTCTTTTTGTCTTTC
TTCAAGTCTGTCTCTTGGGGTTCTAGGTCCTGCTCTCTGTGCCTCTGTGTCTGTCTGTCTCCATACAGCTCTTGGTCTG
GGTCTCTCCTCTGATTTTCTCTTCATTGGACTCTCTATGTGGGAATTCCTCTGTTGGTGGTTTTCTCTGAGCTGGAATT
TCTGTCTCTAATTTTTCATCTATTGGGGGTCTCTCACTTGTCTCACCCTCCCTCTGTGTCTCTTGTATTCTCATCTTTA
GTCTGTAGCTTTGTGGTTCACCGCCGATGCCACGAATTTGTGACCTTCGAGTGTCCAGGCGCTGGAAAGGGCCCCCAGA
CGGACGTGAGTGCCCAGACACCTGGTTCTTCCTCCTCAGGCCACGTCCCCGCCCTCACCCCCTCGGCGTCCGTCCCAAT
TTCTCTTGCTATTTTTAAGGCTGGGAGGGGAGGGGGGCTGGAGAGATAGAAAGAGCCCAGTCTGGCCCAGATTCCTTGC
CCTTGGCCTGAAAAGGGGGACTGAGAAGGGGCCTGGGAGAGGCTGGGGACATAGGTGAGGGACAGAAAGGGACACAGGG
GTTGAAGAGACCAAAAGTTATCACTGGATTCATGAGACTGACATCCAGGGAAGAGGAAATTAAAGAAAATTAGAATGTG
GGGGGCAGAGAGAGAGAGAGACAGAGACAGACATAGACAGAGACAGAGAGAGATCACACCGGACAGAGGTGTAGGAAAA
GAAATTCAAAGCTGGGTGTCACAGCACAAGCCTAGCACATCCTAGCACATGAGAGGTGGAGGCAGAAGGATCTAGAATT
GAAGGCCAGCTTTGTCTGCATAGATAGTTCTGGGCAAACCTGAGCTACATAAGACCTATCTTAATCGGGGTGTGTGTGG
AAAAGGAAGTGGCAGAGATAGAAGATGGTTAGATGTTTAGGGAGGCTTAGAGAGACCCCACAGTGAACAGACACTAGGC
ACTCACGCGCAAGAATGCATTCAGATCCACAACCACCTCACCCTGCCCCTCCCTCTGCATAGCAGGGGCTGTTGAGCAG
TCAATTCTGGACACTGATTCCTTTCTCCTCCTTCACTTTAAACCCAGCCTCCGATTCTTCCTTGTAAAATGCATCTGTA
ATCTAGCAGTGACCAGTGGAACGAACTGCCCATGATAAGGGAGATGTTCTCTTTCTACGGTTGCCATCAGCAGCATGCA
GCCAGCACGAAACAGGGATGCTTTGAGGAACAGAAATCTAAGCTTGGTTTTCCTCAGATTGATTTAAATTTGAACAGCT
ACATTGTTGAACCAGGTAGCATGAATCTAGACATTTCCAATCTTACCTTAGCAGTTCAGCAGAGATTGTTTCTTCCCAG
AATTTGATACAAGAAAAGAAAGAGCTATACAATTCATAGATTCATAGGGAGGTGGCAATACGGAGGCTCAGGCAGTAGC
ACTGTGAGTTCGAGGCCAGTCTAGGCTAAATATGGAGACACTGTTTCAAAGAAGGCCCAGGAGGCACCTGGTAGATTGT
CTGTTGAAGAAAACAGAATTTGCATACAGGGTGTGAATACATAGAGCACAAATTGAGTACCAGCCCTGGGATATGCTTA
TTGCCTGCCTGTGCACGTGCTTGCCTCTGACACTATCTGTGTTTTATGAGGTCCTGATTACATACATACTCATCAGCTC
TTTTACACCCAGTGTAGGCTTGAATCTGGATAATTGCTCATGAGATTAGATTGGTCGCTTCTTTTTCTTCTCCTCCTTC
TTCTTGTGTTCCCATCTGAGCAAAGACTTTTTTTTTTTTTTTTAGTTTTTCAAGACAGGGTTTCTCTGTATAGCCCTGG
CTGTCCTGGAACTCACTCTGTAGACCAGGGCTGGCCTCAAACTCAGAAATCCGCCTGCCCCTGCCTCCCAAGTGCTGGG
ATTAAAGGCATGTGCCACCACGCCCAGCTTGAGCAAAGACTCTTGAACTAAAACACATGATGTGAAAGCCAGTCCTCTC
TAAATGAGGAATTATCTCTTGCAGTGCTTAGTTTTTCTCTTTTATTAAAAAATTTTAAATATATTTAAAAGTTTTCTCC
GTTCCTTGGGAGATGTCAAAATTTCTTTCTTTCTTCCTTTCTTCCTTCCTTCCTTCCTTCCTTCCTTTCTTTCTTTCTT
TCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTTGAAGGTCTCATTTTTGTTGTTTTGTTTGAGACA
GTGCCTCGCTATATAGATGGCCAGAACCCACTTTATAGAGTAGGCTGGCCTCATACAGATCTGCCTCTGTCCCCTGAGT
GCTGGGATTAAAAGTGTGCACCACCATGCTCCTGTTTTTCTTTTTTCTCTCTCTCCCTCTCTTCCTTTTTTTGGTATTT
TGTTTTGTTTTGCTTTTAGACTGGGTCTCTCTATTGCAGCCCAGCTGCCCTCAAACTCCTCATTGTACAGATAGATGAC
TTAGCCTCCCAAATTCTGAGATGACAGGTATGTGTCATCATGGCTGGCTTAATTATTTACAGTACATCTTAAGTTCCTG
GGCTATAAACTGAGATGAGAATTGTGCCTACTTATGGGGTCATTTCCAAGTTTCAGTTGAGTCAAACACTTGAGATGGC
ACCGGCGCGCCATATCGAATTCTACCGGGTAGGGGAGGCGCTTTTCCcAAGGCAGTCTGgAGCATGCGCTTtAGCAGCC
CCGCTGGgCACTTGGCGCTACACAAGTGGCCTcTGGCCTCGCACACATTCCACATCCACCGGTAGGCGCCAACCGGCTC
CGTTCTTTGGTGGCCCCTTCGCGCCACCTTCTaCTCCTCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGCAGCTCGCGTC
GTgcAGGACGTGACAAATGGAAGTAGCACGTCTCACTAGTCTCGTgCAGATGGACAGCACCGCTGAGCAATGGAAGCGG
GTAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTTTCTGGGCTCAGAGGCTGGGAAGGGGTGGGTCCG
GGGGCGGGCTCAGGGGCGGGCTCAGGGGCGGGGCGGGCGCCCGAAGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCA
AAAGCGCACGTCTGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCTGCAGGTCCTCGCCATGGATCCTG
ATGATGTTGTTgATTCTTCTAAaTCTTTTGTgATGGAAAACTTTTCTTCGTACCACGGGACTAAACCTGGTTATGTAGA
TTCCATTCAAAAAGGTATACAAAAGCCAAAATCTGGTACACAAGGAAATTATGACGATGATTGGAAAGGGTTTTATAGT
ACCGACAATAAATACGACGCTGCGGGATACTCTGTAGATAATGAAAACCCGCTCTCTGGAAAAGCTGGAGGCGTGGTCA
AAGTGACGTATCCAGGACTGACGAAGGTTCTCGCACTAAAAGTGGATAATGCCGAAACTATTAAGAAAGAGTTAGGTTT
AAGTCTCACTGAACCGTTGATGGAGCAAGTCGGAACGGAAGAGTTTATCAAAAGGTTCGGTGATGGTGCTTCGCGTGTA
GTGCTCAGCCTTCCCTTCGCTGAGGGGAGTTCTAGCGTTGAATATATTAATAACTGGGAACAGGCGAAAGCGTTAAGCG
TAGAACTTGAGATTAATTTTGAAACCCGTGGAAAACGTGGCCAAGATGCGATGTATGAGTATATGGCTCAAGCCTGTGC
AGGAAATCGTGTCAGGCGATCTCTTTGTGAAGGAACCTTACTTCTGTGGTGTGACATAATTGGACAAACTACCTACAGA
GATTTAAAGCTCTAAGGTAAATATAAAATTTTTAAGTGTATAATGTGTTAAACTACTGATTCTAATTGTTTGTGTATTT
TAGATTCCAACCTATGGAACTGATGAATGGGAGCAGTGGTGGAATGCAGATCCTAGAGCTCGCTGATCAGCCTCGACTG
TGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGT
CCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAG
GACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAA
GAACCAGCTGGGGCTCGAGGGGGGGCCCGGTACCCAGCTTTTGTTCCCTTTAGTGCGGCCGCCACCGCGGTGGAGCtcc
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aattcgccctatagtgagtcgtattacgcgcgctcactggccgtcgttttacaacgtcgtgactgggaaaaccctggcg
ttacccaacttaatcgccttgcagcacatccccctttcgccagctggcgtaatagcgaagaggcccgcaccgatcgccc
ttcccaacagttgcgcagcctgaatggcgaatgggacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggtt
acgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcgctttcttcccttcctttctcgccacgt
tcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggcacctcgaccc
caaaaaacttgattagggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggag
tccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctattcttttgatttat
aagggattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaat
attaacgcttacaatttaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatacatt
caaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagtattca
acatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcacccagaaacgctggtgaaa
gtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgaga
gttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggcgcggtattatcccgtattga
cgccgggcaagagcaactcggtcgccgcatacactattctcagaatgacttggttgagtactcaccagtcacagaaaag
catcttacggatggcatgacagtaagagaattatgcagtgctgccataaccatgagtgataacactgcggccaacttac
ttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgccttgatcg
ttgggaaccggagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatggcaacaacgttg
cgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttg
caggaccacttctgcgctcggcccttccggctggctggtttattgctgataaatctggagccggtgagcgtgggtctcg
cggtatcattgcagcactggggccagatggtaagccctcccgtatcgtagttatctacacgacggggagtcaggcaact
atggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagaccaagtttact
catatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcat
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Vector used for PKCγSTOP-iDTR-eGFP mouse line

LOCUS pBluescript_5’arm_STOP_iDTR_IRES_EGFP_3’arm 22672 bp DNA circular
DEFINITION
FEATURES
Misc._recombina
Restriction_site
Misc._feature
Restriction_site

Exon

Misc._feature
Misc._recombina
PolyA_signal
Misc._recombina
Promoter
Restriction_site
Promoter
CDS

Location/Qualifiers
678..10528
/label="5' long homology arm"
join(5404..5409,5405^5406)
/label=NdeI
9963..10528
/label="5' short homology arm"
join(10525..10530,10526^10527)
/note="mutated startcodon"
/label=NdeI
10527..10693
/note="exon_id=ENSMUSESTE00000044193"
/label="PKC gamma, Exon 1"
10531..11060
/label="5' short homology arm"
11094..11127
/label=loxP
11128..11583
/label="2xSV40 pA"
11603..11650
/label=FRT
11651..12443
/label=pGK-promoter
join(11898..11903,11898^11899)
/label=SpeI
12444..12516
/label=Pgb2
12517..13308
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PolyA_signal
Misc._recombina
Misc._feature
Misc._recombina
Region
CDS

Restriction_site
Misc._structure
Restriction_site
CDS
PolyA_site
Misc._feature
Misc._recombina
Restriction_site
Restriction_site
CDS
Promoter
Replication_ori
ORF

/label=Neo(R)
13309..13591
/label=pA
13592..13639
/label=FRT
13681..14551
/label=WSS
14558..14591
/label=loxP
14602..14610
/label="Kozak consensus sequence"
14611..15261
/note="diphtheriatoxin receptor"
/label=DTR
join(14651..14656,14655^14656)
/label=PstI
15283..15857
/label=IRES
join(15858..15863,15858^15859)
/label=SpeI
15864..16581
/label="eGFP"
16582..16921
/label=pA
16922..17398
/label="3' short homology arm"
17399..20448
/label="3' long homology arm"
join(17781..17786,17782^17783)
/label=NdeI
join(20441..20448,20442^20443)
/label=AscI
complement(20449..20532)
/label="alpha-fragment lacZ"
complement(20533..20654)
/label="lac promoter"
20874..21541
/label="pUC origin of replication"
complement(21692..22549)
/label=AmpR

ORIGIN
gccacctaaattgtaagcgttaatattttgttaaaattcgcgttaaatttttgttaaatcagctcattttttaaccaat
aggccgaaatcggcaaaatcccttataaatcaaaagaatagaccgagatagggttgagtgttgttccagtttggaacaa
gagtccactattaaagaacgtggactccaacgtcaaagggcgaaaaaccgtctatcagggcgatggcccactacgtgaa
ccatcaccctaatcaagttttttggggtcgaggtgccgtaaagcactaaatcggaaccctaaagggagcccccgattta
gagcttgacggggaaagccggcgaacgtggcgagaaaggaagggaagaaagcgaaaggagcgggcgctagggcgctggc
aagtgtagcggtcacgctgcgcgtaaccaccacacccgccgcgcttaatgcgccgctacagggcgcgtcccattcgcca
ttcaggctgcgcaactgttgggaagggcgatcggtgcgggcctcttcgctattacgccagctggcgaaagggggatgtg
ctgcaaggcgattaagttgggtaacgccagggttttcccagtcacgacgttgtaaaacgacggccagtgagcgcgcgta
atacgactcactatagggcgaattgggtaccgggcccccccTCGACTCGAGATTACAGCACTCCAAAGACAGAGGCAGG
CAGATCTCTTTGAGTTCGAGGCCAGCCAGCCTGATCTGCATAGTGAGTTCCAGTACAGCCACAACAGAACAAACAAACA
AACAAAGATGCAAGGTCAAAGAGACCAAAGTTAACCCAAGTGCACTGGGTGAGCCAGTGAGTGGACTGGAAATACTTGC
AGGGGCATAGAGAAGCCCACCCCAACATGGAAGACTCATGGAAGACGCATTTCTGGGGTACACTGCTCAACTTGTAGTC
AGCTGGGCAGAAGAGTCTTCCTGTCCTCTCTTAATTGTTTGCTGCTCATATATTACTTCAGCTTTGGGAGGGGCCTCAT
AGCACAGCCCTGTAACTTTCTGAGCCTTGGGGGTTCTATGGTTTGTCTTTCTAACATGTAATTATTGTGTGTGTGCATG
TATGTGTACACCCCATAGCCAGTGTATGGAGGTCAGAGGACAATTTGCAGAATTCCACATGGTCTATCCACCATGTGGG
TCTTGGGGACAGAACTCAGCTTATCATGCTCTGTTGTAAGTCTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTT
CAATTTATTTATTTATTTTCCATATATGAGTACATTGTAGCTATACAGATGGTTGTGAGCCATCATGTGGTTGCTGGGA
ATTGAACTCAGGACCTCTGCTTGCTCCAGCCCTGCTTGCTCCAGCCCAAAGATTTATTTATTATTATATGTACGCTGTA
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CATATAATAATAAATACATACATAAGTAATATTATTATTATAATAATAAATAAGTACACTGTAGCTGTTTTCGGACCCA
CCAGAAGAGGGTGTCAGATCTCATTACGGATGGTTGTGAGCCACCATGTGGTTGCTGGGATTTGAACTCAGGACCTTCA
GAAGAGCAATCAGTGCTCTTACCTGCTGAGTCATCTCAACAGCCCATGTTGTAAGTATCTTTACCCACTGAGCCATTTA
GTTGGCCCTTAGTCTCTATAGCTTTTGAGTTATTTGAGTCCCTCCCCTCCCTCTATCAGCTGATGTTCAATTCAGAAGA
AATAACTACAGAACTGACAATAGTAATAAGAAAATTGGACCTGGAAACCACCTTCTCATATCTTTAGTGGCATCAGCCG
AGAGGTCAGACAGTTAACATCCTGAGAAGGGCTCTGGCATTTGGTCCTAGTTCTGAGCCTCTAGGACAAGGAGACAGAA
GCTGTGGTTTGCAGTGTAAAAAAAGAGATGTGGCTGGGCAGTGGTGGCACATGCCTTTAATCCCAGCACATGGAAGGCA
GAGGCAGGTGGATCTCTGAGTTCAAGGCCAGCCTGGTCTACAGAGTGAGTTCCAGGCCAGCCATGGCTACACAGAGAAA
CCCCGTCTCGAAAAAACAAAACAAACAAAAAGATGTTAGTCCTTCCACTCACTTCCCATGTCAGGGTTACATGGTACAC
TAGAAGGCCGAGAGGCCTGTCCTGAGGTCTAGCCCTGCATGACTGATCTCGAAAACTAGAGATTTCAGTGGACTGCTCA
ATGAGAATGGAGGGAGTTGAATTTTCCTGTACTTGAGGTACCTGTTAGCTGAGTCCCTGGAGGAAGTGATAAGCTCAGA
GATAAGAAAGCAGAAACTGAGCAGTCTTCAATTCTCCAGGTCTGAGGTAGGATTGGGGGTGGGGTGGGTGAAGCTTGAA
AGGAGGGGAGAAAGAAAGCATAATGTTCCTGGTCAGAGATCTCTGGAAGAGGAGTGAGAAGGATGCAGGTCCAGTACTC
TGGTTAGATGTGGGAGGTGGAATAGAAGATGGAATTTTGAGTGGGTAGGGGCTGCTAAGGTCTATGTTGCTCTTATGTA
CACGAAATCTTTTCACAGGGCATAAAGTATGAGGAAGTTAGAGTCTTGGCTATGGAGAAGTTAGAGATGACTGAGTCGC
TGTGGATAAAAGAGGGAACTTTGTACACAGGGCCTGGGGTAAAAAAAAAACCCTAGGTCACACACAGGAGGAAGTGAAG
TACAGGCTAGATCTTAGACCATATCTTTCATTGCTGGGTGGGTGGTTTTGTTGTTTGTTATAAAACAGGGTTTGTTTGT
TTGTTTGTTTGTTTGTAATAAAACAGAGTAGCCTTGACCATTCTGGAACTCACTCTGTAGACCAGGTTGGCTTTGTTTG
TTTTAAAGGCAGAACCACATTCTGTAGCCCAAGCTAGCTTGGACTTTATTACAGAGCCGAGGCTGGTCTCCATCTCACA
GTAGCCTTCCCACTTTAGCCTCCCAATTTCTAAGATCATGGGTGTGCCCTTCTTGACTTGGTTTGCGTAGTGCAGGGTT
CAGATCCAAGGCTTCCTGAATGATATAGACAAGCGTGTTACCAGCTAAGCCACATCCCCACGGTCAAAGTTGTAGGTGT
ATGTTTGGGGTGAGTCTGTATGTGTTCGCATGGAGGTCAGAAGTTGGTTTTTTCCTTCCAGGAGTTATGTCCCAGTAAG
CCAGCTCTAGTTTTCCAGCATGGCAGCACACACTCCCGTGGATAGGATGCTGACTCCCTGGGAAAGGGAAGCAAGAAGT
ATAGCTTTGAGTGTTTGGATTTTGGGTTTTCTTATGGGTAGGGCTAGGATGAGCCTAGAACCTAGATGACCAATTCATT
TTTATAGTTTATAGACAAGTTCCATATATTAAGACACATCCTTTTCAGAATTCAAAGTAATTTGTTCCAAAACGGATGA
GGGCTGGGTACCTGGATTCCTCAGTATGTGAGATCTTACCCAAATGCTTTTCCTTTTCTCAGCCATGCCGGTAACAGTA
ACTCGTACAACCATCACGACTACAACGTCATCCTCCACCACTGTGGGGTCCGCTCGGGCGCTGACCCAGCCGCTGGGCC
TCCTCCGCCTCCTGCAGCTAATATCCACCTGTGTGGCTTTCTCGCTGGTGGCCAGTGTGGGTGCCTGGACAGGGCCCAT
GGGTAACTGGGCCATGTTCACCTGGTGTTTCTGCTTTGCTGTTACCCTCATCATCCTGATTGTGGAGTTAGGTGGACTC
CAGGCCCACTTCCCCCTGTCATGGCGAAACTTCCCCATCACCTTTGCCTGCTACGCGGCCCTCTTCTGCCTGTCGTCTT
CCATCATCTATCCCACCACCTATGTGCAGTTCCTAGCTCATGGACGTACCCGGGACCATGCCATCGCTGCCACCACTTT
CTCCTGCGTTGCCTGTTTGGCGTATGCCACTGAAGTGGCCTGGACCCGTGCAAGGCCCGGTGAGATCACTGGCTATATG
GCTACCGTGCCAGGGCTGCTCAAAGTTTTTGAGACCTTCGTAGCCTGTATCATCTTTGCCTTCATCAGTGAGCCGCTCC
TGTATAATCAGAAGCCAGCCCTGGAGTGGTGTGTGGCAGTCTATGCCATCTGCTTCATACTAGCAGGGGTGACCATCCT
GCTCAACCTGGGGGATTGTACCAACGTGTTGCCCATCCCTTTCCCCACCTTCCTCTCAGGCTTGGCCTTACTCTCTGTT
CTCTTTTACGCCACTGCCATCGTCCTCTGGCCCCTCTACCAATTTGATCAGAGATATCAGGGCCAACCCCGCCGTTCAA
TGGATCCAAGCTGCACTCGTAGTATTAGTTATATACAACCCAACACGGTGTGTTTCTGGGACCGACGACTGGCGGTGTC
CATCCTGACAGGTATCAACCTGCTGGCATATGTGTCTGATCTGGTGTACTCCACTCGTCTGGTGTTCGTCAAGGTCTGA
GATTGACAAGGGGCTCCCTTCCCCATCTCTCCTTGCAGCCTCTTCAACCAGTTGATTACCCAGGTGATTGGTACCATCC
TGTTTTCTCATCTCCCTCCCATTTCCTCTTCCCTGTTAGATATGTATAGTCTTCCTTATTCCCCGTTTGCCTTTTCTAT
CTCTTTCTTACCTTTCCTCTTCTGGTATGCCTGTTTTACCCTTGAGCTGTGGCTCCACAGTTTGCCTCGTTCATTTTTT
TTCTATCTCTATAGTCTTTCCTGTGGGTTTTATCACCTGCTTATTTTCTTGGGAGCCCTAAGAAATCTTGCTTTCTTTC
CCTCACCCCTCAAAGGTGCTGGCCCCACACATCCCACACTCCTTTACAGTTACCCACACTCTTTTGCAGTTCTTTACTC
CAAGGGTCTCTTTAGGGGCCTCATTGCCAAAGCATGCCTGCCTGCCTGCCTGCCTTAGCTGTGCCTTAGTCTGTGTGTG
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTAAGGGGATTGGGAAGCAGGCCATATAATGTACCTC
TCCTTTAAATTCAAAACAAAGCAAACAAAATCCTGGAGGTCAGCAATTCCCGGTGGCCAGAAGTCAGCATTATGCAGTC
TCTGCCTCTACTTGTCACTCAACGTTGCACCAAATTGGCTCTAGATTTTTTTTACCAGGCTTACTGAAAGCCCACCACC
TAGAGGATAGATACCCTAGATGAAGCAATGGATGGGCACCTTTTCCTAAACGATTCTCTGTGCTATTTAAACAAACCCA
ACAAAAATATCCACATGGTATCTCTCTCTGTGTCTCTGTCCCTCCCCCCACCCCCAGGGTTTCTCTGTGTAGCCTTGGC
TGTCCTGAATTTGCTCTGTAGACGAGGCTGCCCTCTAACTCAAGATATCTGCCTGCTTATGCCTCCCTGGTGCTGGGCT
TAAGGGTGTGTGCCATCACTGCCAGGCCACCCATATGGTCTTAAGACAACTCTGAAGTATTTCTGAGCGTCAGTAATGG
CTGCTCGCTTATCTCAGTGTTAAAAATAACAAGGTCTGCTTTAGCAGGAATGAGAAGAGAAGGAGCCTTTGCCGGCCTT
AAAGGCATTAAGATCATTAAGCTCATCTTTTCCTTTTCTGAACACAAACAAAGCAATCAACTAAAAAGCCCTTTTTTTT
TTTTTAATAGCTTTAGAGATTTTCTTAATGTGGCCCATTCTGGTCTCAAACATAATTGTGTAGGTGAGGCTTCCATTGA
ACCCTTGTCTTTCTGGCTCCACCTTCTGGGTGCTGAGAGTACAGATATACCACCATACCCTCGTTGTGTAGCCCCGTTA
AAGAGAGAAGGTCCTTAGACATCTTTTCTTGGGCTACAGGGTAGGTTTGGGAGTAACAGGATTGGAATGGCTTGTGTGT
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GCTGTACATGAACCCGGGTCCTCTCATGTGCTGCTTGCTTCTTGCTGCTGCTTTCTGCTTCTTTGACATTACTAGGTAT
ATATGGATAAATAAATGTATAAATATATATATATATATTTTAATTTTCTGGAGCTTTGGGTTCCTGTAGCTCCTGCTGT
CAGTCACCCTTTCCCACCCCTCACATCCATAATGTTCTTTTTTTAAAAAACAAAAACAAAAAAAACCCTCAATATAATG
ATAACAGGAAGACTCATGCTTTCTTTCTCTCCGGGTGGGTGGGGAGGAATGAAGGACTCCAAGAGAGAGGTGAGACTCA
GATTCTTCAGTTTGATGACAGAAGGGGCGTAGGACTAAGACAACCTTGGCCTCATCAGAAAACAGTGGCAGAGCCTGGG
TCTCCCCCCCCCCAAAGTTATGTATTTATTTTAATTTTATGTACATTGTTGATTTGCCAGCATGCATGTCTGTGAGGGT
ATTGGGTCCCCTGGAACGGGAGTTACAGACAGTTGTGAGCTGCCATGTGGGTACAGGGAATTGAACCCAGGTCCTGTAG
AGGAGAACCACTGAACTATCTCTCCAGCCTCCCCGAATCCCCACCCCTTTAAGCTGGTCTCATGTAGACAAGGCTGGCC
TCAAACTCAATATGTAGCCAAGTCCTACCTCCTCCAGTGCTGGGATTACAAGTAAAAGCCACCACACCCCGTTTATGCA
GTTTTGGGGACTGAGCCCAGAGACTGGCCCATGCTGGGCAAGCACTTTACCATCCGAGCTATATACCATAGCCGGATAG
TCTTCTTAATTCTTCAAAATGGGGGTGTGGGAGCCTTGGGCGCTCAGGGGTTGTTGAAAGCACTTGCTTTGGCACCGTG
AGAACCAGGGTTCAGGTCCCAGACCCAAGAAACAAGCTGAACATCCCCTCAAATGCATGCAACACCCCCCATGGTAAAG
GTGGGGGCACAGAGAGTCACTGGGCTTGCTGGCTTCCTGCCTTAGACAAATACGCAGTGAAGGAAATGACAGATGGTGC
CATTTTCTGGCCTCCACGACTACACTCACAGGAACATACATTTTATAATCTTAAAAAGAAACTAGGAACGTTGACTAGG
AAAGACAAGAATGCAATTTCTCCCACAGAAAGTCCCTTGAGAAACACAAGGCACTATGGTTTGGCAAGTAGCTTAGAGG
GAAAGTACTTGCTTAGCATGTACAAAGGCCCTGGCAGGCCTGTCCCTAGCAATACACACAGATTCAGGAAGAAAATACC
ACTTGGGCAATTCAGAAATACAATGTCCCAGTGCTGAGAGGTGATTTTGCAATTAAAAAAAAAAAAAATGCTTGCGTCC
AGTTCATAGCGCCCCCTTCAGGAGCTGAGCTCACAGCTACAATCAGGAGAGATAGCTCAGATTAAAACCACTGACACCA
GGCTGGGTGTGGTGGCACATGCCTTTAATTCCAGCACTTGGGAGGCAGAGGCAGCCGAATTTCTGACTTTAAGGCTAGC
CTGGTAGTGAGTTCCAGGACAGCCAGGGCTACACAGAGAAACCCTGCCTCGAAAAAAACAAACAAACAAAAAACCCTGA
TATCCTTTGGCCTCCATGATCACACACATAAAGAAATTTCAGGATCATACAATCTCTTTTTGCACCTGTGCCCACACAA
AGGTAACTTGGAAAACATTTGGAATAAGTTTGGAAGTGAATGAAAAGTAAATAAAAGGAAAGGACTGCTCTTAGGTATA
GTGGAGGAGGAGAAGGTTTATTGTTGATAAAAGGGAGGCATAGCCAGAGGCAGGGACATCTAGGAGAGTCCAAAGTGAC
TCTGAGGTGGGCCATGTAAGGAGAGCGGGGAAGCTAGGAGACCAAGAGGCCAGGACAAAAAGGGCCTGGTAACCAAAAT
GGCTGGGATATAGAGGGGAGAGCAACTGGTGGAAGGGCAGGCAGCCCAGCTCCTGAACTGAAGGAGTTTAAGGTAGGGG
GTTGAGATATACCAGCCGTATTCTGTAACTGGTCGTGACTGAGGGATGCTGGGAGAGCTCTGCTTTGATATGTTAAATA
GGCACCTCAGTTAACCATTTGCCCCAGGTTTGAGACCTAACAGGAAGTACATGGGAGAAGAGCCAGTGAGGACACACAC
TTTGGGGTGAGAAGTCTTTATTTCTTCAGTGCTTACCAAGACGTATCTACACCAATTCCTCTTCTCAAGAGGCCATCGC
ATCCACTCCTTCCCGTCCTGGTTCAAGAATACCTTCTGGAAGACACCAGAAAGAATAGCTAGAGGGTTGTGTGGATCAG
TTGGTAGAGTGCTTGCCGAGCAAACACAAGGTCCCAGGGGCAATCTCCAGTATCTGAACACTTCCCTACCCCACGGGTG
ATGATAGATGCCTATAAACCCAGTTCTTGGGAGGTAAAGGCAGGAAGCTCAGATGTTGGTTATCTTTGATTACCTAGCA
AGTTTGAAGCCAGACAGGAAATACACAAAGATTTACTTACTTACTTACTTATTTATTTATTTATTTATTTATTTATTTA
TCAGACAGATACCGTGTAGCTCTGGCTGGTCTGGAACTTGCTATGTAGATCAGGCTGGCATCAAACTCACAGAGGTCCT
CCTGCTTCTGCCTGGGATTAAAAGTGTTCAAGCCCTTATTTAAACAACAACAACAACAACAAAATAGAACTGTAGCGTC
CAGTGATCTGCTGCTTTAACTCGGGAAAGCAACAGAGGAAGAAGCTGTACCCCCAGTGCCCTTCACCCGTTGCCCCAGA
AAACCACAGACATCAATAAATAGGCTTGCAGGTTGGTCAGAGAACTCTGTGTTCAGAAGGGTGCTTGAGGACTGACTCT
AATTCCTTCACCTCCCCTGCACCTTCTGGAATTCCGACTCCACTGCGACCTCAGCAAAACCGCAAAAACGACGTGTTGC
TGAACCGACACCCGCGCCACCGCAGCCGCCGGCATTGCACGCCGGGAGTAGTTTTCCTTTGCGTCCCAAGAATAGCGTA
CACGAGGGCCCCAACTATAAGTCCCAGAGTGCACTGAGCTCGACAGCCTCTGGCGGGCCAGGATTCCCTAGAACGGCTT
CCTGCCAGAATGGATCCGTAGGAAGACTGGAACCTCAAGAAAGGCGCATCGTGGGGCGTGACCTGGGGAAGAACTCAGG
GGAGGAGAGACCTGGGCGTGTGCATAGGAAATCCCAGGGTGACACTGAGTTGGGAGAACCACTCAGGTGGAGAGTCACA
GGGAAACACGAGAGACACCCAAGACAGAGCATAGGGAGATCCAGAGTCAAGAAATACACTCTGCTATAGTCATAGGGAG
ATACGGAGGGGACAGGCCCTCAGAGATGGAGAGTTACAGGGAGACGTGGATAAAGGAGAGACCTCCAGGGCTGGAAAGC
CATAGACAGAGTGGGGAGAATCCCAGAGACGGAGTCTCGGGGAGGCAAAGGAGGGAGAGACGACAAAGAGGAGAGTCGA
GATTCCCCCGAAGACAGTCCCAAGGAGACACCGAAAAGGGTCAATATCCCCCCAGAGACAGTCACAGGGAAAGAAGGAG
AGACCACTAGAGCCAGAGTCACATGGAACAGGGGGGGGACCGCAGAGATAAAGAGGATCACAGGGCCAAAAGGAAAAAC
CCTGAATGGGTCAGAGAAAAGGACAGAAGGGAAAGGCAACTACTCAGAGAAAGCGCCTTCTAGCGACAGGAAAGGAGAA
ATACAGAAGCAGGGAGTGACGGACATCGGGAATTTAACTAGGGAATTTAACTAGCTGAATTTAACTAGCAAAGGTGAAC
ACAGATTAGCGAAGATCGGGAAAGGCAGGACAATGGAAATGAAAACATTTTCAGTACACCATGTGGTGCATGAGGAGAG
ACGTGAGCAGGAAAAAGAGAGAAGCAGAGAGGGAGAAATGGAGAGAGTAAACAGGAAAGAAGAGAGGAAAAGAGAGAAA
AGAGTGAGAAGGCAGAGAGAAAAGAAACACACCCAGAGGGAGGCATAGCACCAAGCCCAGAGGCTCTAAGAGCGATAAA
GAGCCTGAAGCATCACGAGGAATGAGACACTAGCCTCCGTGTCTATCAGAAAGTCCTCAGCACTAAAGACAAAGTTTCT
TGATTAAAAGATTAATATGCCCAGAGACACACGGGTCTACCCCAGATTCTAGATCCTGACAAAACCTACTCATGCGGCT
GAGTGGGGGAGGAAGATGGGTGTGGGGGCCAAGATGACTGACTGACTGGGAGAAAGGGGGTGGACAAGGCTCGGAGGAC
GTCCCCTCCTTGCATAGAGCCTGCGGAATGGAAGTGtGCatGtggagagGGaggaggggcaTctgTcccgggcgggggg
ggggggctttaaactgaaacCccgccCcttggtcgtcatggcaaCgCCTTCCCCCACCCCCGACTTCTACNNNCAGCAG
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GTGCTGAGAGCGAAGCTCCCGCCGCCGCCCGTGCCTGCGGCTCCTTGATGCCCCAGCCTTCAGCTCTGACCCCACCCGC
TTTCTCCCCGGTCGGTGCTGCCCGTGCCGGGGTGTTGCTTTCTGCCGTGTGCTGTGCACCGTTAGGTGCCTTGCCCCTG
TCCTTCCTATCTCAGAGTCTGCGGAGTCCTCCTACCGCCGTCCACCTGTTTCCTCGGAAAAAGGGCCAGCTCGTGATCC
CTTCTGCGTTCCTGGGGCATATGGTCTGGGCCCTGGCGGAGGCGACTCAGAGGGGGGACCCCGACCCCTGTTTTGCAGA
AAGGGGGCGCTGAGGCAGAAGGTGGTCCACGAGGTGAAGAGCCACAAGTTCACCGCTCGTTTCTTCAAGCAGCCAACCT
TCTGCAGTCACTGTACCGACTTCATCTGGTGAGGGAAGCGGGCTAGGGGAGAGGGCTGGAAAAGGAGGGGACTTGGGAA
CAGTCATGTCACACTGGTCCCCAAGCGACTGAGCAGAGAGGGGCTGCAGCTCCCACTCCTGGGCTTAATGGCAGGGGGT
GGAAGTCTGGGTTCCTGGGTCTGAGGGAGGAAGAGCCAGGCTGGATTCTAGGGTCCAAGGGAAAGGGAGCTGGGACTAG
AAATTTTGGGTTCTCGGAGAAGGCAACTAGGACTCAGACATCTGGGTGAAATTGGGAAACTGCAAACCTATGTCTTGCA
AGGTGGGAGGGCCCGGGTACCCCTCTTTGCACTGACCTTAGATCCTTGACTCTTCCAGGGGCATTGGAAAGCAGGTCGA
CTCTTCGCGGTCTTTCCAGTGGTTATTAATTAAATAACTTCGTATAGCATACATTATACGAAGTTATGGATCTCAGACA
TGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGA
TGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAG
GTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTAGGATCTCAGACATGATAAGAT
ACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGC
TTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGG
GAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTAGGATCCGCGGCCGCTCGACGAAGTTCCTAT
TCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCTACCGGGTAGGGGAGGCGCTTTTCCCAAGGCAGTCTGGAGCA
TGCGCTTTAGCAGCCCCGCTGGCACTTGGCGCTACACAAGTGGCCTCTGGCCTCGCACACATTCCACATCCACCGGTAG
CGCCAACCGGCTCCGTTCTTTGGTGGCCCCTTCGCGCCACTTCTACTCCTCCCCTAGTCAGGAAGTTTCCCCCCCGCCC
CGCAGCTCGCGTCGTGCAGGACGTGACAAATGGAAGTAGCACGTCTCACTAGTCTCGTGCAGATGGACAGCACCGCTGA
GCAATGGAAGCGGGTAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTTTCTGGGCTCAGAGGCTGGGA
AGGGGTGGGTCCGGGGGCGGGCTCAGGGGCGGGCTCAGGGGCGGGGCGGGCGCCCGAAGGTCCTCCGGAGGCCCGGCAT
TCTGCACGCTTCAAAAGCGCACGTCTGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCAATTCGCTGTC
TGCGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGCGGGCATGACTTCTGCGCTAAGATTGTCAGTTTCCAAA
AACGAGGAGGATTTGATATTCACCTGGCCCGCGGTGATGCCTTTGAGGGTGGCCGCGTCCATCTGGTCAGAAAAGACAA
TCTTTTTGTTGTCAAGCTTGAGGTGTGGCAGGCTTGAGATCTGGCCATACACTTGAGTGACAATGACATCCACTTTGCC
TTTCTCTCCACAGGTGTCCACTCCCAGGTCCAACTGCAGCAGCACGTGTTGACAATTAATCATCGGCATAGTATATCGG
CATAGTATAATACGACAAGGTGAGGAACTAAACCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGG
GTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGC
AGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAAGACGAGGCAGCGCGGCTATC
GTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTG
GGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGC
GGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCG
GATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGG
CTCAAGGCGAGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAA
ATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCG
TGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAG
CGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCTCTAGAGCTCGCTGATCAGCCTCGACTGTGCCTTCTAG
TTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAA
TAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGG
GGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTG
GGGGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCTCGACCTGCAGGCGGCCGCGAATTCAC
TAGTGAATCGATTCTCGAGGGATCTTTGTGAAGGAACCTTACTTCTGTGGTGTGACATAATTGGACAAACTACCTACAG
AGATTTAAAGCTCTAAGGTAAATATAAAATTTTTAAGTGTATAATGTGTTAAACTACTGATTCTAATTGTTTGTGTATT
TTAGATTCCAACCTATGGAACTGATGAATGGGAGCAGTGGTGGAATGCCTTTAATGAGGAAAACCTGTTTTGCTCAGAA
GAAATGCCATCTAGTGATGATGAGGCTACTGCTGACTCTCAACATTCTACTCCTCCAAAAAAGAAGAGAAAGGTAGAAG
ACCCCAAGGACTTTCCTTCAGAATTGCTAAGTTTTTTGAGTCATGCTGTGTTTAGTAATAGAACTCTTGCTTGCTTTGC
TATTTACACCACAAAGGAAAAAGCTGCACTGCTATACAAGAAAATTATGGAAAAATATTCTGTAACCTTTATAAGTAGG
CATAACAGTTATAATCATAACATACTGTTTTTTCTTACTCCACACAGGCATAGAGTGTCTGCTATTAATAACTATGCTC
AAAAATTGTGTACCTTTAGCTTTTTAATTTGTAAAGGGGTTAATAAGGAATATTTGATGTATAGTGCCTTGACTAGAGA
TCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACA
TAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAAT
TTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGA
TCTGACATGGTAAGTAAGCTTATAACTTCGTATAGCATACATTATACGAAGTTATCGGCGAATTCgccACCATGGgTAA
GCTGCTGCCGTCGGTGGTGCTGAAGCTCCTTCTGGCTGCAGTTCTTTCGGCACTGGTGACTGGCGAGAGCCTGGAGCAG
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CTTCGGAGAGGGCTAGCTGCTGGAACCAGCAACCCGGACCCTTCCACTGGATCTACGGACCAGCTGCTACGCCTAGGAG
GCGGCCGGGACCGGAAAGTCCGTGACTTGCAAGAGGCAGATCTGGACCTTTTGAGAGTCACTTTATCCTCCAAGCCACA
AGCACTGGCCACACCAAGCAAGGAGGAGCACGGGAAAAGAAAGAAGAAAGGCAAGGGACTAGGGAAGAAGAGGGACCCA
TGTCTTCGGAAATACAAGGACTTCTGCATCCACGGAGAATGCAAATATGTGAAGGAGCTCCGGGCTCCCTCCTGCATCT
GCCACCCAGGTTACCATGGAGAGAGGTGTCATGGGCTGAGCCTCCCAGTGGAAAATCGCTTATATACCTATGACCATAC
AACTATCCTGGCTGTGGTGGCCGTGGTGCTGTCCTCTGTCTGTCTGCTGGTCATCGTGGGGCTTCTCATGTTTAGGTAC
CATAGGAGAGGTGGTTATGATGTGGAAAACGAAGAGAAAGTGAAGTTGGGCATGACTAATTCCCACCCGGATCTCAGAC
ATGATAAGATACATTCTAGAGCGGCCGCGGATCCCGCCCCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGC
TTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGA
AACCTGGCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGT
CGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCC
CCACCTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCC
ACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCACCTCAAGCGTATTCAACAAGGGGCTGAAGGATGCCCA
GAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAAC
GTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATACTAGTATGGTGAGCAAGGGCG
AGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGG
CGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGG
CCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCT
TCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGC
CGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATC
CTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGG
TGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGG
CGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGC
GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGACGCGTTGGA
CAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTA
TAAGCTGCAATAAACAAGTTCCGCTCGACGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGC
CCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGC
ATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAG
CAGGCATGAATGCATAATGTCAAGGTAAGAGCTGGGACCTGGACTTCTGGGACCCCTGAGGGTGGAGGCTGGGGCCTCA
CAGCTGAGGCGGCTGACACACGTGTTCTGTGGTCCCCAGAGAGGCGCGGGGGAGCCCTGGGCGGGGGGGTGTGGCAGAG
ACACACAGCCTGTGGTGGGGAGGAAACTCTGATGGCAGGGCCACCGCGGAGGTGGTGCTGGGGGCCCCTCCCTCGGCCG
GTTCCAGGTGGGGACAGATATTTGGAGAATCTGTTTCCATGGGAACAGGGAGATTTGGAAAAGGGGAGCTGAAGGGGGG
AGGGGTTCAGAGATGCAAAGTCAGAGCCCCCCCCCAGACTGCCGTTGCCATGACAACACCATTCATCCTAAAGCAGGGG
CAGGCCGGGTGGGGTCACTAATGGGCGGGTGGGGGCCGGGCAAGGGGGGCGAATCCTAAAACACCAGCTGCCACTTGGC
TAAGAACAGAGTGACGATCTCAAGGTGGGAGGCGGGCCGAAGCAGCACCCCCAGACTCACTTCTGTTCAAGTTGCTGCT
CTCTATGTCTCCCTTGTCTAAGGATATTTCTGTTTTTTCTCTTCAAAACCTGTCTTCCTCTTTCCTTGCTTTTCTCTCT
CTCTCTCTCTCTCTCTCTCTCTCTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC
TCTCTCTCTCTCTCTCTCTCCTTTCCACTTTCTCTGTGTGTGTGTGTGTGTGTGTGTGTGTGCGCGCGCGCGTGCGCAC
CCAAGCATATGGGGGGTTGTGTTACTTTGTGTTTCTCTGTCTCTTTTTGTCTTTCTTCAAGTCTGTCTCTTGGGGTTCT
AGGTCCTGCTCTCTGTGCCTCTGTGTCTGTCTGTCTCCATACAGCTCTTGGTCTGGGTCTCTCCTCTGATTTTCTCTTC
ATTGGACTCTCTATGTGGGAATTCCTCTGTTGGTGGTTTTCTCTGAGCTGGAATTTCTGTCTCTAATTTTTCATCTATT
GGGGGTCTCTCACTTGTCTCACCCTCCCTCTGTGTCTCTTGTATTCTCATCTTTAGTCTGTAGCTTTGTGGTTCACCGC
CGATGCCACGAATTTGTGACCTTCGAGTGTCCAGGCGCTGGAAAGGGCCCCCAGACGGACGTGAGTGCCCAGACACCTG
GTTCTTCCTCCTCAGGCCACGTCCCCGCCCTCACCCCCTCGGCGTCCGTCCCAATTTCTCTTGCTATTTTTAAGGCTGG
GAGGGGAGGGGGGCTGGAGAGATAGAAAGAGCCCAGTCTGGCCCAGATTCCTTGCCCTTGGCCTGAAAAGGGGGACTGA
GAAGGGGCCTGGGAGAGGCTGGGGACATAGGTGAGGGACAGAAAGGGACACAGGGGTTGAAGAGACCAAAAGTTATCAC
TGGATTCATGAGACTGACATCCAGGGAAGAGGAAATTAAAGAAAATTAGAATGTGGGGGGCAGAGAGAGAGAGAGACAG
AGACAGACATAGACAGAGACAGAGAGAGATCACACCGGACAGAGGTGTAGGAAAAGAAATTCAAAGCTGGGTGTCACAG
CACAAGCCTAGCACATCCTAGCACATGAGAGGTGGAGGCAGAAGGATCTAGAATTGAAGGCCAGCTTTGTCTGCATAGA
TAGTTCTGGGCAAACCTGAGCTACATAAGACCTATCTTAATCGGGGTGTGTGTGGAAAAGGAAGTGGCAGAGATAGAAG
ATGGTTAGATGTTTAGGGAGGCTTAGAGAGACCCCACAGTGAACAGACACTAGGCACTCACGCGCAAGAATGCATTCAG
ATCCACAACCACCTCACCCTGCCCCTCCCTCTGCATAGCAGGGGCTGTTGAGCAGTCAATTCTGGACACTGATTCCTTT
CTCCTCCTTCACTTTAAACCCAGCCTCCGATTCTTCCTTGTAAAATGCATCTGTAATCTAGCAGTGACCAGTGGAACGA
ACTGCCCATGATAAGGGAGATGTTCTCTTTCTACGGTTGCCATCAGCAGCATGCAGCCAGCACGAAACAGGGATGCTTT
GAGGAACAGAAATCTAAGCTTGGTTTTCCTCAGATTGATTTAAATTTGAACAGCTACATTGTTGAACCAGGTAGCATGA
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ATCTAGACATTTCCAATCTTACCTTAGCAGTTCAGCAGAGATTGTTTCTTCCCAGAATTTGATACAAGAAAAGAAAGAG
CTATACAATTCATAGATTCATAGGGAGGTGGCAATACGGAGGCTCAGGCAGTAGCACTGTGAGTTCGAGGCCAGTCTAG
GCTAAATATGGAGACACTGTTTCAAAGAAGGCCCAGGAGGCACCTGGTAGATTGTCTGTTGAAGAAAACAGAATTTGCA
TACAGGGTGTGAATACATAGAGCACAAATTGAGTACCAGCCCTGGGATATGCTTATTGCCTGCCTGTGCACGTGCTTGC
CTCTGACACTATCTGTGTTTTATGAGGTCCTGATTACATACATACTCATCAGCTCTTTTACACCCAGTGTAGGCTTGAA
TCTGGATAATTGCTCATGAGATTAGATTGGTCGCTTCTTTTTCTTCTCCTCCTTCTTCTTGTGTTCCCATCTGAGCAAA
GACTTTTTTTTTTTTTTTTAGTTTTTCAAGACAGGGTTTCTCTGTATAGCCCTGGCTGTCCTGGAACTCACTCTGTAGA
CCAGGGCTGGCCTCAAACTCAGAAATCCGCCTGCCCCTGCCTCCCAAGTGCTGGGATTAAAGGCATGTGCCACCACGCC
CAGCTTGAGCAAAGACTCTTGAACTAAAACACATGATGTGAAAGCCAGTCCTCTCTAAATGAGGAATTATCTCTTGCAG
TGCTTAGTTTTTCTCTTTTATTAAAAAATTTTAAATATATTTAAAAGTTTTCTCCGTTCCTTGGGAGATGTCAAAATTT
CTTTCTTTCTTCCTTTCTTCCTTCCTTCCTTCCTTCCTTCCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTT
TCTTTCTTTCTTTCTTTCTTTTGAAGGTCTCATTTTTGTTGTTTTGTTTGAGACAGTGCCTCGCTATATAGATGGCCAG
AACCCACTTTATAGAGTAGGCTGGCCTCATACAGATCTGCCTCTGTCCCCTGAGTGCTGGGATTAAAAGTGTGCACCAC
CATGCTCCTGTTTTTCTTTTTTCTCTCTCTCCCTCTCTTCCTTTTTTTGGTATTTTGTTTTGTTTTGCTTTTAGACTGG
GTCTCTCTATTGCAGCCCAGCTGCCCTCAAACTCCTCATTGTACAGATAGATGACTTAGCCTCCCAAATTCTGAGATGA
CAGGTATGTGTCATCATGGCTGGCTTAATTATTTACAGTACATCTTAAGTTCCTGGGCTATAAACTGAGATGAGAATTG
TGCCTACTTATGGGGTCATTTCCAAGTTTCAGTTGAGTCAAACACTTGAGATGGCACCGGCGCGCCGCGGCCGCGCgcc
accgcggtggagctccagcttttgttccctttagtgagggttaattgcgcgcttggcgtaatcatggtcatagctgttt
cctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaagtgtaaagcctggggtgcct
aatgagtgagctaactcacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctgtcgtgccagctgca
ttaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgctcttccgcttcctcgctcactgactcgctg
cgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggata
acgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctggcgtttttcca
taggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaaga
taccaggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcct
ttctcccttcgggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaa
gctgggctgtgtgcacgaaccccccgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccg
gtaagacacgacttatcgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacag
agttcttgaagtggtggcctaactacggctacactagaaggacagtatttggtatctgcgctctgctgaagccagttac
cttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagcggtggtttttttgtttgcaagcag
cagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaa
actcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttt
taaatcaatctaaagtatatatgagtaaacttggtctgacagttaccaatgcttaatcagtgaggcacctatctcagcg
atctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataactacgatacgggagggcttaccatctg
gccccagtgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataaaccagccagccggaag
ggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttgccgggaagctagagtaagt
agttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggtgtcacgctcgtcgtttggtatgg
cttcattcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagcggttagctcctt
cggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatggttatggcagcactgcataattctctt
actgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggc
gaccgagttgctcttgcccggcgtcaatacgggataataccgcgccacatagcagaactttaaaagtgctcatcattgg
aaaacgttcttcggggcgaaaactctcaaggatcttaccgctgttgagatccagttcgatgtaacccactcgtgcaccc
aactgatcttcagcatcttttactttcaccagcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagg
gaataagggcgacacggaaatgttgaatactcatactcttcctttttcaatattattgaagcatttatcagggttattg
tctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggttccgcgcacatttccccgaaaagt
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Abbreviations
AAV
Amp
AMPA
ANOVA
ATP
Aβ-fibre
Aδ-fibre
BAC
BDNF
bp
cAMP
CCI
CCK
CFA
C-fibre
CGRP
ChR2
CNS
COX 1/2
Cre
CTB
DAPI
Dre
DREADD
DRG
DTA
eGFP
EP2
EPSC
ES
flex
FRT
GABA

adeno-associated virus
ampicilin
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
analysis of variance
adenosine triphosphate
sensory fiber conveying innocuous sensation
sensory fiber conveying innocuous mechanic and noxious sensation
bacterial artifical chromosome
brain-derived neurotrophic factor
base pair
cyclic adenosine monophosphate
chronic constriction injury
cholecystokinin
complete Freund's adjuvant
nociceptive afferent
calcitonin gene-related peptide
channelrhodopsin 2
central nervous system
cycooxygenase 1/2
Cre recombinase, P1 topoisomerase
cholera toxin subunit B
4',6-diamidino-2-phenylindole
D6 site-specific DNA recombinase
designer receptor exclusively activated by designer drug
dorsal root ganglion
diphtheria toxin subunit A
enhanced green fluorescent protein
prostaglandin receptor 2
excitatory postsynaptic current
embryonic stem (cells)
cre dependent genetic switch
flippase recognition target
gamma-Aminobutryic acid

GABAA

gamma-aminobutric acid receptor type A

GABAB
GAD65
GAL
GC/ml
GFAP
GlyR
GlyT2
GPCR

gamma-aminobutric acid receptor type B
glutamic acid decarboxylase 65
galanin
genome copies per mililitre
glial fibrillary acidic protein promoter
glycine receptor
Glycine transporter 2
G protein coupled receptor
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i.p.
i.s.
i.t.
IASP
IB4
iCre
iDTR
IN
IR
IRES
KA
Kana
KCC2
ko
lacZ
LTK
Lmx1β
loxP
LTD
LTMR
LTP
mGluR
MOR
Mrg
NeuN
NF200
NK1
NKCC1
NMDA
nNos
NPY
NSAIDs
ORF
pA
PAG
PAR
Pax2
PFA

intraperitoneal
intraspinal
intrathecal
International Association of the Study of Pain
isolectin B4
improved Cre recombinase
improved diphtheria toxin receptor
interneuron
immunoreactive
internal ribosomal entry site
kainate
kanamycin
K-Cl cotransporter type 2
knock out
lac operon gene Z
Labortierkunde
LIM homeobox transcription factor 1 beta
locus of X-over P1
long-term depresion
low-threshold mechanoreceptors
long-term potentiation
metabotropic G-protein coupled glutamate receptor
μ-opioid receptors
MAS-related G protein-coupled receptor
neuronal specific nuclear protein
neurofilament 200
neurokinin 1
Na-K-Cl cotransporter type 1
N-Methyl-D-aspartic acid
nitric oxide synthase
neuropeptide Y
non-steroidal anti-inflammatory drugs
open reading frame
polyadenlyation signal
periaqueductal grey matter
protease activated receptors
paired box gene 2
Paraformaldehyde

PGE2
PGK-Neo
PKCγ
PNS
PV
RNAi
RORα
RT-qPCR

prostaglandin E2
phosphoglyceratekinase promoter-neomycin resistance
protein kinase C gamma
peripheral nervous system
parvalbumin
RNA interference
RAR-related orphan receptor alpha
real-time quantitative polymerase chain reaction

137

RVM
SEM
shRNA
siRNA
SP
tg
TH
Tlx
TNF-α
TrkA/B
TRPA
TRPM8
TRPV1
veh
VGCC
VGLUT2
VGLUT3
VIAAT
VPL
WDR
wt
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rostro ventromedulla
standard error of mean
short hairpin RNA
short interfering RNA
substance P
transgene
tyrosine hydroxylase
Nuclear receptor subfamily 2 group E member 1
tumor necrosis factor α
neurotrophic tyrosine kinase receptor, type 1/2
transient receptor potential cation channel, subfamily ankyrin
transient receptor potential cation channel, subfamily melastatin, member 8
transient receptor potential cation channel, subfamily V, member 1
vehicle
voltage-gated calcium channel
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