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1 Abstract

The impact of microRNA (miRNA) as key players in the regulation of immune and
neuronal gene expression and their role as master switches in the pathophysiology of
neuropathic pain is increasingly recognized. miR-21 is a promising candidate that
could be linked to the immune and the nociceptive system. To further investigate the
pathophysiological role of miR-21 in neuropathic pain, we assesed mice deficient of
B7 homolog 1 (B7-H1 ko), a protein with suppressive effect on inflammatory

responses.

B7-H1 ko mice and wildtype littermates (WT) of three different age-groups, young (8
weeks), middle-aged (6 months), and old (12 months) received a spared nerve injury
(SNI). Thermal withdrawal latencies and mechanical withdrawal thresholds were
determined. Further, we investigated anxiety-, depression-like and cognitive
behavior. Quantitative real time PCR was used to determine miR-21 relative
expression in peripheral nerves, dorsal root ganglia and white blood cells (WBC) at

distinct time points after SNI.

Naive B7-H1 ko mice showed mechanical hyposensitivity with increasing age. Young
and middle-aged B7-H1 ko mice displayed lower mechanical withdrawal thresholds
compared to WT mice. From day three after SNI both genotypes developed
mechanical and heat hypersensitivity, without intergroup differences. As supported by
the results of three behavioral tests, no relevant differences were found for anxiety-
like behavior after SNI in B7-H1 ko and WT mice. Also, there was no indication of
depression-like behavior after SNI or any effect of SNI on cognition in both
genotypes. The injured nerves of B7-H1 ko and WT mice showed higher miR-21
expression and invasion of macrophages and T cells 7 days after SNI without
intergroup differences. Perineurial miR-21 inhibitor injection reversed SNI-induced

mechanical and heat hypersensitivity in old B7-H1 ko and WT mice.

This study reveals that reduced mechanical thresholds and heat withdrawal latencies
are associated with miR-21 induction in the tibial and common peroneal nerve after
SNI, which can be reversed by perineurial injection of a miR-21 inhibitor. Contrary to
expectations, miR-21 expression levels were not higher in B7-H1 ko compared to WT
mice. Thus, the B7-H1 ko mouse may be of minor importance for the study of miR-21

related pain. However, these results spot the contribution of miR-21 in the



pathophysiology of neuropathic pain and emphasize the crucial role of miRNA in the

regulation of neuronal and immune circuits that contribute to neuropathic pain.



2 Zusammenfassung

Die Beteiligung von microRNA (miRNA) an der Genregulation immunologischer und
neuronaler Prozesse und deren Rolle als Schliisselelement in der Pathophysiologie
von neuropathischem Schmerz gewinnt zunehmend an Bedeutung. miR-21 ist ein
vielversprechender Kandidat, der sowohl das Immunsystem, als auch das
nozizeptive System beeinflusst. Um die pathophysiologische Rolle von miR-21 bei
neuropathischem Schmerz besser zu verstehen wurden Mause mit B7 homolog 1
Defizienz (B7-H1 ko), einem immunsupprimierendem Protein, untersucht. Eine

frihere Studie zeigte eine Hochregulierung von miR-21 in murinen Lymphozyten.

Junge (8 Wochen), mittelalte (6 Monate) und alte (12 Monate) B7-H1 ko Mause und
Wildtypwurfgeschwister (WT) erhielten eine spared nerve injury (SNI) als
neuropathischem Schmerzmodell. Es wurden thermische Ruckzugslatenzen und
mechanische Riuckzugsschwellen bestimmt. Des weiteren wurde sowohl das
Angstverhalten, das depressive Verhalten, als auch das kognitive Verhalten
untersucht. Um die relative Expression von miR-21 in den peripheren Nerven, den
Spinalganglien und in den weil3en Blutzellen zu verschiedenen Zeitpunkten zu

bestimmen, wurde die quantitative real time PCR angewandt.

Naive B7-H1 ko Méause zeigten mit zunehmendem Alter eine mechanische
Hyposensitivitat. Bereits 3 Tage nach SNI entwickelten beide Genotypen eine
Uberempfindlichkeit gegeniiber Hitze und mechanischer Stimulation. In drei
durchgefiihrten Verhaltenstests konnten keine relevanten Unterschiede im
Angstverhalten nach SNI von B7-H1 ko und WT Mausen festgestellt werden. Bei
beiden Genotypen gab es weder Hinweise auf depressives Verhalten nach SNI, noch
wurde das kognitive Verhalten durch SNI beeintrachtigt. Die verletzen Nerven der
B7-H1 ko und WT Mause zeigten 7 Tage nach SNI eine hohere miR-21 Expression
und eine Invasion durch Makrophagen und T-Zellen ohne Gruppenunterschiede. Die
perineurale Injektion eines miR-21 Inhibitors konnte die durch SNI induzierte

mechanische und thermische Hypersensitivitat lindern.

Diese Studie zeigt, dass der Anstieg von miR-21 im N. tibialis und N. peroneus
communis mit reduzierten Ruckzugsschwellen gegen mechanische Reize und
verkirzten Wegzugslatenzen bei Hitzestimulation einhergeht, welche durch
perineurale Injektion eines miR-21 Inhibitors verringert werden kénnen. Entgegen der

Erwartungen zeigten B7-H1 ko Mause im Vergleich zu WT Méausen keine erh6hte
3



miR-21 Expression und sind daher méglicherweise von geringer Bedeutung fir die
Untersuchung von miR-21 assoziiertem Schmerz. Jedoch bekraftigen diese
Ergebnisse eine Beteiligung von miR-21 an der Pathophysiologie von
neuropathischem Schmerz und bestétigen die wichtige Rolle von miRNA bei der
Regulation von neuronalen und immunologischen Prozessen, die zu

neuropathischem Schmerz beitragen.



3 Introduction

3.1 Pain and nociception

Pain is an acute warning system of the body and necessary to ensure survival and
health. The response of the sensory nervous system to stimuli that might cause
tissue damage is called nociception. Nociceptive stimuli (mechanical, thermal or
chemical) are translated into electric impulses and conducted by primary afferent
peripheral nerve fibers, called nociceptors (Basbaum et al., 2009). The cell bodies of
nociceptors are located in the dorsal root ganglia (DRG) and trigeminal ganglia with
their peripheral axon innervating the target organ and the proximal axon connecting
to the dorsal horn of the spinal cord. From here, incoming action potentials are
projected to the brain, where pain is perceived (Figure 1). Primary afferent peripheral
nerve fibers can be categorized into three different groups. The Ab nerve fibers are
large diameter, myelinated, and fast conducting fibers, and are responsible for the
detection of light touch. Most of the nociceptors belong to the At and C nerve fibers.
AU f iare ef madium diameter and thinly myelinated axons with a conduction
velocity of 6-25 m/s, while C fibers, with the smallest diameter and without
myelination, have a slower conduction velocity (1 m/s). Al fibers mediate the acute,
Afirsto or f &édkersprae nresypemeialsl e f orordlowe so c
pain (Julius and Basbaum, 2001;Kuner and Flor, 2016). In electrophysiological
studies two main classes of Al nociceptors were identified. The type 1 high-threshold
mechanical nociceptors respond to intensive mechanical and heat stimuli, with high
heat t hr es ho lIndase obtissie injubyQtlgese fibers are sensitized
dropping the perception thresholds. Type 2 Al nociceptors have lower heat
thresholds, but higher mechanical thresholds (Basbaum et al., 2009). C fibers
respond to thermal, mechanical, and chemical stimuli, like histamine or capsaicin.
The so called silent nociceptors are unmyelinated afferents, which respond to heat
and chemical stimuli and also to mechanical stimuli, however, only in case of tissue

damage (Namer et al., 2015).

C fibers can further be classified by their molecular properties. The peptidergic

population of C nociceptors release neuropeptides, substance P, and calcitonin-gene
related peptide (CGRP) and express tropomyosin receptor kinase A (TrkA), the high-
affinity tyrosine kinase receptor for nerve growth factor (NGF) (Snider and McMahon,

1998). The second, non-peptidergic class of C fibers shows distinct properties like

5
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Most of these nociceptors also
have binding sites for 1B4
(Dong et al., 2001). Providing
evidence for distinct subtypes
of C-fibers, a recent study
identified three classes of itch
responsive type C neurons
with unique response profiles
and markedly different
molecular properties, like
histamine and serotonin
receptors (Usoskin et al.,
2015).

Nociceptive afferents

Figure 1: lllustration of the nociceptive pathway. Peripheral
nociceptors, Al and C fibers, respond to noxious stimuli by
transducing signals to the spinal cord. From the dorsal root
ganglia, the primary nociceptive neurons enter the spinal
cord through the ipsilateral dorsal horn, where secondary
neurons cross to the contralateral side via the anterior
commissure, and ascend to the brain.

transduce signals to second-
order neurons in the spinal dorsal horn
(mostly laminae | and Il), from where input is
projected to the lateral thalamic nuclei (lateral
spinothalamic tract) or to the brainstem

(spinoreticulothamalic tract). From the

thalamus, neurons project towards the somatosensory cortex, where pain is

perceived. Other neurons project from the brainstem and amygdala to the cingulate

and insular cortices, where emotional and affective components of pain are further

processed (Kuner, 2010). Descending pathways from the brain send information to

the spinal cord to enable withdrawal from the noxious stimuli.

3.2 Neuropathic pain

Besides its warning and protective function, pain can occur spontaneously or may be

evoked by normally innocuous stimuli. According to the International Association for
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the Study of Pain (IASP) neuropathic pain is defined a s paifi arising as a direct

consequence of a lesion or disease affecting the somatosensory systemo(Treede et

al., 2008). Neuropathic pain can be caused by acquired or genetic diseases or

lesions of the central and peripheral nervous system. Examples are metabolic,

infectious, and autoimmune disorders, as well as toxic and traumatic lesions.

Neuropathic pain may be accompanied by paradoxical sensory perceptions and can

be associat edo wsynrhp thcnmesgy,atsweh as numbness an:
we l | as with Apositi veopasVyigypréeddyresstinaluschat as al |
normally does not evoke pain) and hyperalgesia (an increased pain response

produced by a stimulus that normally causes pain) (Jensen and Finnerup, 2014).

Neuropathic pain, which affects about 7-10 % of the population (Bouhassira et al.,

2008;Jensen and Finnerup, 2014;van Hecke et al., 2014), substantially impairs

everyday life activities and reduceswor ki ng perf ormance and pat.i
quality of life (Blyth et al., 2003). Furthermore, neuropathic pain has an emotional

component and is frequently associated with depression and anxiety (Jain et al.,

2011). Epidemiological studies report a mean prevalence of about 30 % for

developing depressive disorders in patients with neuropathic pain (Gustorff et al.,

2008;Attal et al., 2011). The diagnosis is made following national and international

guidelines (Colloca et al., 2017). Due to the heterogeneity of neuropathic pain

mechanisms, analgesic treatment remains difficult and current treatment strategies,

which are mainly based on symptoms rather than on mechanisms, do not always

lead to sufficient pain relief (Baron et al., 2010).

3.2.1 Animal models of neuropathic pain

Most of the knowledge about mechanisms of neuropathic pain is based on preclinical
studies from animal models and in vitro experiments. Various animal models have
been developed to induce neuropathic pain and investigate the underlying
pathomechanisms. Rodent models of neuropathic pain can be based e.g. on cancer
pain, drug-induced pain, metabolic neuropathies, and peripheral nerve injuries (Jaggi
et al., 2011;Yalcin et al., 2014). Most of the peripheral nerve lesion models make use
of partial or complete lesions of the sciatic nerve. The common principle of these
models is the induction of mechanical and/or thermal hypersensitivity and
spontaneous pain associated behavior. One example is the chronic constrictive injury
(CCI) model that is based on several loose ligatures placed around the main branch

of the sciatic nerve (Bennett and Xie, 1988). This leads to spontaneous pain, thermal,
7



and mechanical hyperalgesia and lasts for over two months. In the partial sciatic
nerve ligation (PSL) model a hemi-ligation of the sciatic nerve is performed that
induces mechanical and thermal hypersensitivity over seven months (Seltzer et al.,
1990), whereas for L5/L6 spinal nerve ligation (SNL) the L5 and L6 spinal nerves are
tightly ligated, which is associated with pain behavior for at least four months (Kim
and Chung, 1992). Another model is the spared nerve injury (SNI) applying a ligature
around the tibial and common peroneal nerves with consecutive distal axotomy
(Decosterd and Woolf, 2000). SNI leads to long lasting (> 6 months), increased
mechanical sensitivity and thermal responsiveness in the sural territory of the hind

paw and was also used in our study (see below).

3.2.2 Pathophysiology of neuropathic pain

Modulations in the central nervous system (CNS), like central sensitization in the
postsynaptic dorsal horn is caused by synaptic plasticity and lead to increased
descending response (Woolf, 2011). Especially ongoing discharge of peripheral
afferent fibers results in the release of excitatory amino acids and neuropeptides,
which leads to postsynaptic changes in second-order nociceptive neurons, like
phosphorylation of N-methyl-D-aspartate (NMDA) receptors a n d-amiiho-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Baron et al., 2013). In the
peripheral nervous system (PNS), enhanced neuronal excitability in response to
nerve injury may arise e.g. from dysregulated ion channel expression or the release

of inflammatory mediators (Andersen et al., 2014).

3.2.2.1 lon channel alteration

Nerve injury leads to increased expression of growth and transcription factors, which
leads to nerve regeneration processes and to alterations of gene expression of
receptors and ion channels (Baron et al., 2010). Especially voltage-gated sodium and
calcium channels play an important role in pain transmission. Among several types of
ion channels, the following channels have been shown to be crucial in stimulus

detection and thus are potential druggable targets for analgesics.

The TRPV1 (transient receptor potential cation channel subfamily V member 1) ion

channel is a known contributor to the perception of noxious heat. TRPV1, the

receptor for capsaicin, hasat her mal activati onchtmbetsé¢hehol d of
heat threshold of Caterinacktalk, $99%®. Micd, lacking TRAVb e r s

show severe impairment to detect noxious heat (Davis et al., 2000). Besides TRPV1,
8



other members of the transient receptor potential (TRP) family, like TRPV2, TRPV3
or TRPV4 are involved in heat sensation (Leffler et al., 2007;Lumpkin and Caterina,
2007).

TRPMS (transient receptor potential cation channel subfamily M member 8) was

identified as a cold-sensitive receptor, with a thermal activation thresholdof 25e C and
menthol sensitivity. TRPM8 deficient mice show deficits in cold detection, but are not

completely insensitive to cold stimuli. Further molecules, voltage-gated sodium and

potassium channels are needed to evoke cold-induced action potentials (Basbaum et

al., 2009).

Further evidence of the importance of voltage-gated sodium channels in pain states
is provided by findings in patients with erythromelalgia or paroxysmal extreme pain
disorder. These hereditary disorders that are characterized by severe pain are
caused by gain-of-function mutations in the SCN9A (sodium voltage-gated channel
alpha subunit 9) gene that encodes the Navl.7 voltage-gated sodium channel
(Hoeijmakers et al., 2015). In contrast, patients with loss of function mutations in this
gene are unable to detect noxious stimuli (Dib-Hajj et al., 2017).

3.2.2.2 Immune system and pain

Inflammation is described as the response of an organism to tissue injury, including
immune cell recruitment and release of inflammatory mediators. Besides, the immune
system interacts with the sensory nervous system by altering the transduction of
nociceptive information at nerve fiber, DRG, and synaptic terminal level (Calvo et al.,
2012). Neuropathic pain is often associated with neuro-inflammation due to nerve
lesions. After nerve damage Schwann cells and immune cells, like macrophages and
mast cells are recruited to the injury site. The activation of the extracellular signal-
related (ERK) mitogen-activated protein (MAP) kinase signaling pathway in Schwann
cells leads to the release of inflammatory mediators, and as a result immune cells,
including macrophages, T and B lymphocytes, neutrophils and dendritic cells infiltrate
the damaged nerve (Napoli et al., 2012). Tracey and colleagues showed that
depletion of macrophages in an animal model of neuropathic pain attenuates
mechanical hypersensitivity (Liu et al., 2000). Lack of T lymphocytes in rats leads to

reduced pain behavior after peripheral nerve injury (Moalem et al., 2004).



Inflammatory mediators can be subdivided into different classes such as cytokines,
chemokines, proteolytic enzymes, lipid mediators, and neuropeptides (Ellis and
Bennett, 2013).

Cytokines are small molecules, secreted by immune cells, fibroblasts, and Schwann
cells and can be classified as pro- and anti-inflammatory. Pro-inflammatory cytokines
(e.g. interleukin 1 [IL-1], IL-6, IL-12, and tumor necrosis factor-alpha [TNF]) act
mostly algesic, whereas anti-inflammatory cytokines (e.g. IL-4, IL-10, IL-13) have an
analgesic effect. However, depending on their concentration and location, cytokines
can have pro- and anti-inflammatory properties (Turner et al., 2014). Data on
disturbed pain behavior in animal models of cytokine deficiency underline the role of
the immune system on pain (Cunha et al., 1999;Schoeniger-Skinner et al.,
2007;Uceyler et al., 2011;Sun et al., 2016).

Interactions between pro- and anti-inflammatory systems seem to play a major role in
the pathophysiology of neuropathic pain (Calvo et al., 2012). One example is B7
homolog 1 (B7-H1), a major inhibitor of inflammatory responses (Freeman et al.,
2000).

3.2.2.2.1 B7 homolog 1

B7-H1 (synonyms: PD-L1, CD274) is a type 1 transmembrane protein and a member
of the B7/CD28 family (Dong et al., 1999;Ostrand-Rosenberg et al., 2014), which is
expressed on non-lymphoid tissue, on activated macrophages and on dendritic cells.
B7-H1 was identified as one of the two ligands for the programmed-death receptor-1
(PD-1; CD279) and its interaction with the B7-H1 receptor dampens immune
responses, by inhibiting T cell receptor (TCR)/CD3 induced proliferation and cytokine
production (Coyle and Gutierrez-Ramos, 2001). Furthermore, studies in B7-H1
deficient mice (B7-H1 ko) showed that B7-H1 reduces the secretion of pro-
inflammatory mediators, IFN-o0  a n d-U (LatcEman et al., 2001;Bodhankar et al.,
2013). B7-H1 expression itself is induced by pro-inflammatory cytokines and growth
factors like TNF and VEGF (vascular endothelial growth factor) (Boussiotis, 2016).
Using the model of chronic constriction nerve injury, it has previously been shown
that B7-H1 deficiency leads to an excessive pro-inflammatory response and
prolonged and enhanced pain behavior after peripheral nerve lesion (Ugeyler et al.,
2010), which makes B7-H1 an interesting candidate to study neuropathic pain

pathomechanisms. The results of a recent study suggest that B7-H1 has anti-
10



nociceptive effects, by demonstating that B7-H1 suppressed formalin-induced
inflammatory pain, neuropathic pain and bone cancer pain in rodents via the PD-1
receptor (Chen et al., 2017). Additionally, B7-H1 can be associated with several
types of cancer and thus is a target in the development of new cancer therapies
(Dong et al., 2002).

3.3 microRNA

MicroRNA (miRNA, miR) are non-coding single stranded RNA sequences (ncRNA) of
20-24 nucleotid length and are ubiquitously expressed across all tissue types. The
first miRNA (lin-4) was discovered in Caenorhabditis elegans in 1993 (Lee et al.,
1993). Later Pasquinelli and his group found analogous miRNA in several species,
indicating a conserved principle of gene expression regulation (Pasquinelli et al.,
2000). miRNA play a crucial role in diverse biological processes, ranging from
embryonic development to disease pathologies including leukemia, cardiovascular
diseases (Calin et al., 2004;Aboobaker et al., 2005;McManus and Freedman, 2015),
and cancer (Tutar, 2014). Genes encoding miRNA are mostly intronic, thus their
transcriptional regulation is similar to other genes, underlying the control by
transcription factors and repressors. miRNA bind the respective mMRNA sequences
via a so called seed region, a sequence of 2-8 nucleotides, at the 5° end of the
mature miRNA (Lewis et al., 2005).

3.3.1 Biogenesis

mMiRNA biogenesis occurs via the canonical or non-canonical miRNA pathway. On

the canonical pathway (Figure 2), the transcription of the miRNA gene by the RNA

polymerase Il in the nucleus produces the primary miRNA (pri-miRNA), which has a

large stem-loop structure. This pri-miRNA is recognized by Drosha-DGCR8

(DiGeorge syndrome critical region 8), which process the pri-miRNA to the precursor

MIiRNA (pre-miRNA), which is exported to the cytoplasm by Exportin 5. In the

cytoplasm, the pre-miRNA is further processed by Diceri TRBP (TAR RNA-binding

protein 2) and loaded into the Argonaute 2 (AGO2)Acontaining RNA-induced

silencing complex (RISC) (Ibrahim et al., 2012). Only the active strand is incorporated

into the RISC, whereas the passive strand gets degraded. The active or mature

strand of the miRNA is guided by the RISC to its target mMRNA sequence. These

sequencesare of ten | ocated in the 36 untransl ated

situated in the coding region or the 56 UTR.
11



lead to an enhanced effect on the target gene expression (Katz et al., 2016). During
the non-canonical miRNA biogenesis the pre-miRNA are generated by a splicing
machinery, avoiding the Drosha mediated processing in the nucleus (Li and Rana,
2014). There are two possible mechanisms to suppress downstream target gene
expression: imperfect base pairing leads to translational repression, while an

extensive base pairing induces mRNA cleavage.

Nucleus Cytoplasm 6. Translational repression/
mRNA cleavage

RNA Polymerase |l

\1. Transcription
5. Perfect/imperfect

DGCR binding

L/ ljroshé .....

pri-miRNA degraded e
strand \ %

2. Cleavage
pre—miRNAg

Ny W

targeted mRNA

DNA

3. Nuclear Export £ Blattiation
— /§, Dicer
pre-miRNA

Figure 2: Schematic illustration of canonical microRNA (miRNA) biogenesis and function. (1.) miRNA
gene is transcribed in the nucleus. (2.) The primary miRNA (pri-miRNA) is cleaved by Drosha and
DiGeorge syndrome critical region gene 8 (DGCRS8) to the precursor miRNA (pre-miRNA), which is
exported to the cytoplasm by Exportin-5 (3.), where further maturation is performed by Dicer (4.). The
mature miRNA strand is loaded into the RNA-induced silencing complex (RISC)and gui ded
untranslated region (UTR) of the messenger RNA (5.). Perfect or imperfect complementary binding of
the mRNA leads to mRNA cleavage or translational repression (6.).

3.3.2 Target prediction

There are several online and offline databases for bioinformatical, sequence-based
MiRNA target prediction, like TargetScan, DIANA-microT, miTarget, PITA, MIRZA,
and many more. These databases use different algorithms to computationally predict
mMiRNA-mRNA interaction. For example TargetScan is using the 7mer-m8 region in
the seed sequence for target prediction, while PITA explores the complementarity
applying 6mer seed type (Fan and Kurgan, 2015). Some databases, like TargetScan
and miTarget, use the information about AU content around the target, while others

neglect this information. The AU content in the mR N A UZRbis important for the
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interaction with miRNA (Hoffman et al., 2013). Some target prediction tools consider
binding to the target gene with multiple predicted sites, which enhances the mRNA
regulation (Saito and Saetrom, 2012). These different approaches hamper output
comparisons of diverse databases. However, considering specificity and precision of
the predictive performance at gene or duplex level may help users select the
appropriate prediction method for their experiments (Fan and Kurgan, 2015). Another
database is miRTarBase, which is based on surveying published literature about
experimentally validated miRNAT target interactions (MTI). There are other MTI
databases with smaller and less abundant collections, like TarBase and miRecords
(Hsu et al., 2011). One major problem is that the application of distinct algorithms
results in various predicted mRNA targets. One approach to solve this problem is,
using several prediction algorithms in parallel and choosing only consistently

predicted targets (Bali and Kuner, 2014).

3.3.3 Tools for miRNA interference

There are several tools available to influence miRNA expression in vivo by either

mimicking or antagonizing miRNA. By using miRNA mimics, which are double

stranded RNA molecules, it is possible to upregulate endogenous miRNA. Inhibition

of endogenous miRNA can be achieved by using anti-miRNA oligonucleotides. These

mMiRNA inhibitors are chemically modified, like changes of individual nucleotides or

backbone alterations, to facilitate cellular uptake and to avoid degradation. One

oligonucleotide variation is the locked nucleic acid (LNA), a bicyclic nucleic acid that

bindsthe 26 oxygen to the 46 carbon via a methyl
a 306 endo confirmation. LNA offers the bigge
affinity among the oligonucleotide modifications and has a good nuclease resistance

(Li and Rana, 2014). Since getting miRNA inhibitors or mimics into the target tissue is

challenging, chemical reagents, like transfection agents, are additionally used to

improve the delivery. Furthermore, the use of adenovirus, lentivirus or herpes simplex

virus, encoding miRNA inhibitors or pre-miRNA, is recommended for miRNA in vivo

modulation (Bali and Kuner, 2014).

3.4 Clinical development of miRNA therapeutics

Since chemically modified oligonucleotides have been efficient in blocking miRNA
function in vitro and in preclinical animal models, efforts have been made to advance

clinical development of therapeutic oligonucleotides. First evidence for a role of

13



MiRNA in human diseases came from cancer research after having discovered that
MiRNAs are frequently located in fragile regions of cancer genome. In several studies
the miR-34 family was identified as a crucial regulator of cell growth and as being
downregulated in diverse cancer cells (Calin et al., 2004;lorio and Croce, 2012).
Several studies reported that delivery of a miR-34 mimic decreased tumor growth
and led to lower levels of miR-34 regulated proteins like MET or B-cell lymphoma 2 in
mouse models of liver, prostate, and lung cancer (Wiggins et al., 2010;Liu et al.,
2011a). MRX34, a miR-34 mimic encapsulated in a liposome vesicle, was developed
by Mirna Therapeutics and is the first miRNA mimic that has entered a phase one
clinical trial in primary hepatic cancer patients or solid cancers with liver involvement
(Bouchie, 2013). The MRX34 replacement therapy restores the lost suppressor
function of miR-34 by delivering a miR-34 mimic. However, due to immune-related
adverse events the study was terminated and preclinical trials need to be redesigned

considering immune toxicity (Rupaimoole and Slack, 2017).

Other miRNA, like miR-21 and let-7 (lethal 7) have also been associated with cancer
and different pharmaceutic companies are developing potentially therapeutic miRNA
inhibitors for clinical use. In 2005, miR-122 was identified as a liver-specific miRNA,
that modulates hepatitis C virus (HCV) replication (Jopling et al., 2005). Santaris
Pharma developed the first miRNA targeting drug, a miR-122 inhibitor (miravirsen)
that entered clinical trials. Miravirsen decreased HCV RNA serum levels after five
weekly subcutaneous injections in patients with chronic HCV infection in a phase Il
study and may be launched as the first anti-miRNA drug in near future (Li and Rana,
2014).

These data suggest that miRNA may become attractive therapeutic targets and
promise the availability of miRNA-associated drugs on the market in the next years
for treatment of diverse diseases. However, the precise mode of action is still
unknown and in-depth biochemical analysis is needed, to gain further knowledge
enabling higher stability, tissue specificity, and less off-target effects (van Rooij et al.,
2012).

3.5 miRNA and pain

Due to several mediators and pathways potentially contributing to neuropathic pain,
targeting one single molecule is not sufficient for analgesic treatment (Niederberger

et al., 2011). Since the miRNA-mRNA functional pairing does not need a fully
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complementary sequence, miRNA are able to bind to several mMRNA and thus can
simultaneously influence multiple mediators in different pain pathways (Lewis et al.,
2005;Bali and Kuner, 2014).

The first indication of miRNA being involved in pain was provided by a specific
conditional Dicer knockout mouse (Dicer deletion in damage-sensing neurons that
express Navl.8) that showed less pain behavior upon application of inflammatory
mediators compared to homozygous floxed dicer littermates (Zhao et al., 2010).
Recent research in animal models identified several miRNA as being crucially
involved in pain pathways (Bali and Kuner, 2014). Examples are miR-96, miR-182,
and miR-183, a sensory organ-specific cluster of microRNA, which were
downregulated after SNL in DRG of adult rats (Aldrich et al., 2009). Another study
indicated that lentivirion-mediated miR-183 expression attenuates SNL-induced
mechanical allodynia (Lin et al., 2014). Kusuda et al. analyzed the expression of
three miIRNA (miR-1, miR-16, miR-206) under inflammatory and neuropathic pain
conditions. They found a decrease of the investigated miRNA in DRG in an
inflammatory pain model, while all three miRNA were upregulated after axotomy.
Even across different neuropathic pain models, miRNA were differentially expressed,
suggesting that miRNA expression profiling results should be evaluated carefully

considering the method and the time point tested (Kusuda et al., 2011).

One further miRNA, which could be linked to pain in animal models, is miR-21. miR-
21 was upregulated in the sciatic nerve, in the spinal cord, and in DRG in diverse
models of neuropathic pain in mice and rats (Strickland et al., 2011;Wu et al.,
2011;Genda et al., 2013;Hori et al., 2016). Pain behavior could be relieved by
intrathecal administration of a miR-21 inhibitor in rats (Sakai and Suzuki, 2013).

Several studies also reported that miR-21 controls the balance between pro- and
anti-inflammatory responses in leukocytes and non-hematopoietic cells (Sheedy,
2015). Some miRNA have been shown to regulate neuronal and immune gene
expression simultaneously, which makesthes e s o cal | epdomididge ui mmi Rs
targets for master switches that might be of particular importance in neuropathic pain
pathophysiology (Soreq and Wolf, 2011;Wanet et al., 2012). Besides miR-21 one
further NeuimmiR candidate is miR-132-3p. In a recent study white blood cells and
sural nerve biopsies of patients with peripheral neuropathies and in parallel spinal
cord of rats treated with SNI was investigated and an increase in neural miR-132-3p
15



expression was found in rats and in patients suffering from neuropathic pain
compared to those without pain. In vivo modulation of miR-132-3p using an inhibitor
or mimic attenuated or induced pain behavior in rats respectively (Leinders et al.,
2016Db).

First evidence for dysregulation of miRNA in blood samples of patients with pain
syndromes was reported by Orlova et al. in 2011. By using a TagMan array, the
group found 18 differentially expressed miRNA in blood samples of patients with
complex regional pain syndrome (CRPS) (Orlova et al., 2011). In another study the
same group investigated miRNA in serum-derived exosomes of CRPS patients and
demonstrated that the miRNA signature differed from that obtained in whole blood.
The expression of only one miRNA (miR-25-3p) showed the same trend in whole
exosomes and blood in CRPS patients (McDonald et al., 2014). Others reported that
eight miRNA are differentially expressed in peripheral blood mononuclear cells and in
serum samples of patients with fioromyalgia syndrome (Bjersing et al., 2015;Cerda-
Olmedo et al., 2015). However, the altered miRNA expression differed between both
reports, indicating the importance of the miRNA source. Recent studies in sera of
patients with migraine attacks demonstrated that miR-34a-5p and miR-382-5p were
upregulated (Andersen et al., 2016), whereas miR-124a and miR-155 were increased
in T cells of patients with neuropathic pain compared to healthy controls (Heyn et al.,
2016). Also, miR-let-7d was found associated with pain and aberrantly expressed in

skin samples of patients with fiboromyalgia syndrome (Leinders et al., 2016a).

3.6 Aim of the study

mMiRNA are increasingly recognized as regulators of immune and neuronal gene
expression and are potential master switches in neuropathic pain pathophysiology.
miR-21 is a promising candidate that may link the immune system and pain
mediators. In previous studies B7-H1 has been identified as a major inhibitor of
inflammatory response. The aim of this study was to investigate the potential link
between B7-H1 and miR-21 in inflammation and neuropathic pain by addressing the

following questions:

1 Does the lack of B7-H1 determine the pain phenotype after SNI and does miR-

21 inhibition influence the pain phenotype?
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Does neuropathic pain influence affective and cognitive behavior in B7-H1 ko

and WT mice?
Are there changes in miR-21 expression in neuronal tissue after SNI?

Is there an enhanced inflammatory response in B7-H1 ko mice after SNI?
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4 Material and Methods

4.1 Equipment, buffers and solutions, antibodies, and primer sequences
Technical equipment (Appendix 8.1), reagents (Appendix 8.2), buffers and solutions
(Appendix 8.3) as well as primer sequences for genotyping and quantitative real-
time-PCR (qRT-PCR) (Appendix 8.5) and antibodies for immunohistochemistry
(Appendix 8.6) are detailed in the appendices.

4.2 Animals and genotyping

B7-H1 ko mice were generated by L. Chen, Baltimore, USA (Dong et al., 2004) and
inbred wildtype littermates (WT) of C57BI/6J background served as controls.
Genotypes were identified after purification of genomic DNA from ear biopsies using
the DNeasy blood&tissue kit (Qiagen, Hilden, Germany) according to the

ma n uf a c ingtructionsoThe Kapa2G fast PCR Kit (Kapa Biosystems,
Wilmington, USA) was used to determine the genotypes by conventional PCR
(respective primer sequences listed in Appendix 8.4). We investigated mice of three
age-groups: young (8 weeks), middle-aged (6 months), and old (12 months) mice.
B7-H1 gene expression was determined in young and old WT mice, to exclude

changes in B7-H1 expression due to ageing (Figure 3).

Expression calculation [Ct]
-—
o
1

Figure 3: Expression calculation of B7-H1 revealed by quantitative real-time-PCR. B7-H1 expression
did not differ between young (8 weeks) and old (12 months) WT mice.

C57BI/J and C57BL/N mice for analyses were purchased from Charles River
(Charles River Laboratories, Wilmington, USA).
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All experiments were approved by the Bavarian State authorities (Regierung von
Unterfranken, #3/12). Mice were housed in the animal facilities of the University of
Wirzburg (Department of Neurology; Center for Experimental Molecular Medicine), in
a 12 h/12 h day (<300 lux)/night rhythm with food and water access ad libitum.

Animal use and care were in accordance with the institutional guidelines.

4.3 Behavioral testing

All behavioral tests were performed by an experienced investigator (FK) blinded to

the genotype. Mice of three age-groups (young [8 weeks], middle-aged [6 months],
and old [12 months] mice) were investigated for mechanical and thermal sensitivity.

For affective and cognitive behavior we concentrated on young and old mice.

4.3.1 Mechanical and thermal sensitivity

All mice were tested three times before surgery to obtain baseline values and to allow
the animals to get used to the testing apparatus. Behavioral tests were performed at
selected time points 3, 7, and 14 days after SNI (n= 6 mice/genotype and age-group).
The von-Frey test based on the up-and-down-method was used to investigate the
paw withdrawal thresholds upon mechanical stimulation. Animals were placed in
individual acrylic glass boxes on a wire mesh. After 45 min adaption, the lateral
plantar surface of the hind paws (i.e. sural nerve innervation territory) was touched
with a von-Frey filament starting at 0.69 g. If the mouse withdrew its hind paw, the
next finer von-Frey filament was used. If the mouse did not show any reaction, the
next thicker von-Frey filament was applied. Each hind paw was tested six times. The
50 % withdrawal threshold (i.e. force of the von-Frey hair to which an animal reacts in

50 % of the administrations) was calculated.

The Hargreaves method using a standard Ugo Basile Algometer (Comerio, Italy) was
applied to determine the sensitivity to thermal heat stimuli (Hargreaves et al., 1988).
Mice were individually placed on a glass surface in acrylic glass boxes. After 45 min
adaption, a radiant heat stimulus (25 IR) was applied to the lateral plantar surface of
the hind paw and the withdrawal latency was automatically recorded. To prevent
tissue damage by heat, we used a stimulus cut-off time of 16 s. Each hind paw was

tested three times.

The cold plantar test was used to determine paw withdrawal latencies to cold stimuli

(Brenner et al., 2012). Mice were placed in individual acrylic glass boxeson a glass
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surface (1/4 *") and a dry ice stick was applied against the glass at the lateral plantar
side of the hind paw (i.e. sural nerve innervation territory). Time until paw withdrawal

was recorded with a limit for stimulus application of 20 s to avoid tissue damage.

4.3.2 Tests for affective and cognitive behavior

Mice were housed in a reversed light-dark cycle (light cycle: 7 p.m.-7 a.m.; dark
cycle: 7 a.m.-7 p.m.) and were tested under infra-red light during the dark cycle, in
their active phase. To avoid interference with other mice and the investigator, all
behavioral tests were performed in a black box. Tests were carried out following the

algorithm shown in (Figure 4). All tests were video recorded for further analysis (see

below).
OF/
SNI EPM LDB FST 4 MWM training days PT
T T 2 T S
I i H—— i i i
1 6 7 8 13 14 15 16 17
day

Figure 4: Experimental design of tests for affective and cognitive behavior. Young (8 weeks) and old
(12 months) mice were tested after spared nerve injury (SNI) in the following sequence: elevated plus
maze (EPM), open field (OF), light-dark box (LDB), forced-swim test (FST), Morris water maze test
(MWM) and Morris water maze probe trail (PT).

4.3.2.1 Anxiety- and depression-like behavior

For the assessment of the intra-individual variation in affective behavior, we
performed three different tests for anxiety: light-dark box (LDB) (Crawley and
Goodwin, 1980), elevated plus maze (EPM) (Pellow et al., 1985), and open field (OF)
(Prut and Belzung, 2003). EPM and OF were also used to investigate exploratory
behavior of the mice. Mice were tested individually for 5 min in each apparatus and

only once to avoid the influence of learning on behavior.

The LDB consisted of an illuminated (40 cm x 20.5 cm) and a dark compartment (40
cm x 19.5 cm). As a starting point, each mouse was placed in the lit box. Mice could
freely explore the apparatus and choose between the two inter-connected

compartments. The percentage of time spent in the dark box was recorded.

The EPM apparatus consisted of two opposite open arms (66.5 cm) and two closed

arms (65.5 cm), which are separated by a junction area. Mice were individually

20



placed in the middle of the apparatus, facing an open arm. The total time spent in
closed arms, the entries into open arms, and the total distance travelled were
recorded.

The OF (40 cm x 40 cm) consisted of two areas: the center zone (20 cm x 20 cm)
and the surrounding area. To start the test, mice were placed in the middle of the
center zone. Time spent in the center zone, the total distance travelled, and the

average speed were determined.

To test for depression-like behavior we performed the forced-swim test (Porsolt et al.,
1977). Mice were individually placed in a glass cylinder, filled with water (diameter of
cylinder: 11.5 cm; water height: 12.5 cm; water temperature: 20 °C £2 °C). Within a
six min testing phase the time spent immobile was measured during an observation

period of five min (2.-6. min).

4.3.2.2 Cognitive behavior

The Morris water maze test (MWM) (Morris, 1984) was used to investigate learning
behavior and memory. Tests were performed in a cylindric plastic pool (diameter:
118. 5 cm), filled with water (temperature: 20 °C +2 °C) just covering the platform
(diameter: 8 cm). Opaque water was used to avoid visibility of the platform. The pool
was divided into four quadrants and the platform was placed in the south-east
guadrant (= target quadrant). During the MWM training days, mice had four daily
trails with different starting points (located in the middle of each quadrant) on four
consecutive days. The time mice needed to reach the platform was measured and
the daily average time for every group was calculated. Mice that did not find the
platform within 60 s were placed on the platform for 15 s for orientation in the pool
and to remember the location of the platform. On the fifth day we performed the
probe trail (PT) for memory performance, during which the platform was removed.
We chose a new starting point on the opposite side of the target quadrant for the PT.
Time mice spent in the target quadrant, the total distance they swam, and the

average speed was measured during a 30 s observation period.

4.4 Spared nerve injury (SNI)

Naive mice were anesthetized with isoflurane (2 % induction, 1.5 % maintenance) in
a 50 % O2/room air mixture. SNI or a sham surgery was performed as described

(Decosterd and Woolf, 2000). Skin on the lateral surface of the right thigh was incised
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and the sciatic nerve and its three branches were exposed by a blunt dissection
through the biceps femoris muscle. The common peroneal and the tibial nerves were
ligated (using 7.0 silk) distal to the trifurcation of the sciatic nerve and dissected distal
to the ligation (Figure 5), removing a 2i 4 mm piece of each nerve stump. Great care
was taken to keep the sural nerve untouched. Incisions were closed with muscle and
skin sutures in two layers. In sham surgery, the sciatic nerve branches were
exposed, but not injured. After surgery, mice were kept at 37 °C until they regained

consciousness. Behavioral experiments were conducted 3 to 21 days after surgery.

Figure 5: Spared nerve injury (SNI) surgical procedure. Photomicrograph of an anesthetized mouse
with immobilized hind paw. Magnification shows the exposed sciatic nerve at trifurcation. The tibial and
the common peroneal nerve are ligated. The dotted line marks the location, where the nerves are
transected. The sural nerve (left) is spared.

4.5 Perineurial injection of miR-21 inhibitor

A LNA based in vivo inhibitor for miR-21-5p (Exiqon, Vedbaek, Denmark) and a

mismatch control (scrambled oligonucleotide, Scr) were injected transdermally and

perineurially using a microsyringe fitted with a 27-gauge needle. The femur head was

used as a landmark to find the sciatic nerve (Ma and Quirion, 2006). In pilot studies

perineurial injections of trypan blue confirmed the correct application of the dye next

to the trifurcation of the sciatic nerve using this injection technique. Prior to the

injection, the miRNA inhibitor and the mismatch control were mixed (1:5 w/v) with the

in vivo transfection agenti-Fect E ( Neur omi c s, Edi na, USA) to
0.1 pmol/pl. Mice were anesthetized with 1.5 % isoflurane in a 50 % Oz/room air

22



mixture and received perineurial injections of 50 pl every 24 h on 5 consecutive days,
starting on day 3 after SNI (Figure 6). Mechanical and heat sensitivity were tested 5 h
after each injection. On day 11 after surgery we assessed mechanical and thermal

sensitivity without perineurial injection of miR-21-5p inhibitor.

SNI pain assessment

| ¢

v
bttt

daily: perineurial miR-21-5p/ Scr
inhibitor injection

days after
surgery

Figure 6: Experimental design of miR-21-5p inhibition. Old (12 months) mice underwent spared nerve
injury (SNI) and received daily perineurial injections of the miR-21-5p inhibitor or the mismatch control
(Scr) 3-7 days after surgery. Mechanical and thermal sensitivity (pain assessment) was tested 5 h
after injection. On day 11 after surgery mice were tested without injection of miR-21-5p inhibitor.

4.6 Tissue collection

At the end of the experiments mice were sacrificed in deep isoflurane anesthesia and
the ipsilateral nerve stump (common peroneal and tibial nerve) of the sciatic nerve
(proximal to the nerve injury), the sural nerve, the DRG, and the lumbar spinal cord
were dissected for gRT-PCR using a dissection microscope (Zeiss, Oberkochen,
Germany) at the following time points: baseline, 7, 15 days after SNI (n= 6 mice/ age-
group). Tissue from naive mice served as controls. Tissue was shock frozen in liquid
nitrogen and was stored at -80 °C until further processing. For immunohistochemistry
the ipsilateral nerve stump (common peroneal and tibial nerve) of the sciatic nerve
and the sural nerve (n=5 per group) were dissected 7 days after SNI. Tissue was
embedded in Tissue Tek, OCT medium (optimal cutting temperature; Sakura,
Staufen, Germany), frozen in liquid nitrogen cooled 2-methylbutane, and stored at -
80 °C until further processing. Blood was withdrawn in deep isoflurane anaesthesia

via cardiac puncture after thoracotomy.

4.7 gRT-PCR studies

Total RNA from dissected tissue was isolated using the miRNeasy Micro Kit (Qiagen,
Hilden, Germany); for total RNA extraction from white blood cells (WBC) the
Leukocyte RNA purification kit (Norgen biotek corp., Thorold, Canada) was used
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following the manufacturers’ recommendations. RNA concentration was quantified
spectrophotometrically with the NanoPhotometer Pearl® (Implen, Munich, Germany).

For gene expression analysis of B7-H1 levels (Cd274, Assay ID: Mm03048248 m1)

TagMan qRT-PCR (Applied Biosystems, Darmstadt, Germany) was used. 150 ng

total RNA was reverse transcribed using TagMan Reverse Transcription Reagents,

foll owing manufacturerod6s protocol. PCR reage
(Carlsbad, CA). For each sample 5 yl cDNA was applied. 18sRNA (Assay ID:

Hs99999901 s1) was used as an endogenous control.

For miRNA-specific synthesis of first strand cDNA, 5 ng of total RNA was transcribed
using the Universal cDNA Synthesis kit Il (Exiqon, Vedbaek, Denmark) following the
ma n uf a c pratacat. FOd each reaction 4 pl of diluted (1:80) cDNA was amplified
applying the corresponding miRNA and reference primer sets, using the miCURY
LNA™ Universal microRNA PCR (Exigon, Vedbaek, Denmark) following the
manufacturerds protocol . -2IF9p eereengrmalizzedtstheon | eve
expression of the endogenous control Sno202 (respective primer sequences listed in
appendix 8.5). Sno202 from Exigon was chosen as an endogenous control for
individual target normalization since it showed the most stable qRT-PCR results
among several different candidates (Exigon: RNU5G, Snord110, U6, 5S, U1A1,
Snord65, Snord68; TagMan: Sno202, Sno234) tested before and after SNI (Figure
7). For testing Sno202 and Sno234 from TagMan TagMan®Micro RNA RT Kit and

TagMan®Universal PCR Master Mix was used following the provided protocols.
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Figure 7: Expression of different endogenous controls in mouse nervous tissue. (A) RNU5G,
Snord110, U6, 5S, and U1A1 from Exigon were not expressed in a stable manner. (B) Sno202 from
Exiqon showed the most stable expression comparing naive tissue to tissue dissected after spared
nerve injury (SNI). n O per target.
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miR-21 was amplified in triplicate and threshold cycle (Ct) values were obtained. Fold
changes in miRNA expression among groups were calculated using the delta-delta
Ct method.

4.8 Immunohistochemistry

Ten-um cryosections of the common peroneal/tibial nerve and the sural nerve were
prepared using a cryostat (Leica, Blenheim, Germany). Immunohistochemical
staining with antibodies against CD11b (Serotec, Puchheim, Germany) for the
detection of monocytes/macrophages (further referred to in the text as

A ma chr agpea@dQD3 (Serotec, Puchheim, Germany) for the detection of T cells
were performed. Briefly, after acetone fixation and blocking with 10 % BSA in 0.1 M
PBS (30 min at RT) respective primary antibodies were incubated over night at 4 °C
in 1 % BSA/Tris. Sections were incubated with the secondary antibodies (anti-rat
IgG), followed by Avidin/Biotin blocking (Vector Laboratories, Burlingame, USA)
before visualization by 0.02 % diaminobenzidine (DAB). Haemalaun was used as a
counter staining of the nuclei. On negative control sections the primary antibody was
omitted. All samples were embedded with Vitro-Clud® (Langenbrinck GmbH,
Emmendingen, Germany). Detailed information about the antibodies used in this

study can be found in Appendix 8.6.

Images were acquired using an Axiophot 2 microscope (Zeiss, Oberkochen,
Germany) equipped with a CCD camera (Visitron Systems, Tuchheim, Germany).
Immuno-positive profiles were quantified manually in at least three nerve sections for
each mouse and were related to the area of the nerve sections. The investigator was
blinded to the genotype and treatment. Data were analyzed using SPOT software
(software version 5.2, Spot Software BV, Amsterdam, Netherlands) and ImageJ free

software version 1.51f (National Institute of Health, Staten Island, USA).

4.9 Video processing and statistical analysis

Recorded videos from the affective and cognitive behavior tests were analyzed using
the ANY-maze video tracking software (system version: 4.99m, Stoelting, USA). For
statistical analysis SPSS IBM software Version 23 was employed (Ehningen,
Germany). The non-parametric Mann-Whitney U test was applied, since data were
not normally distributed in the Kolmogorov-Smirnov test. Data are illustrated as box
plots, bar graphs or line charts as appropriate (SPSS IBM software version 23 and

GraphPad Prism, software version 5.03, San Diego, CA, USA). Data were stratified
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for age (young: 8 weeks, middle-aged: 6 months, old: 12 months) and treatment
groups (naive, sham, SNI). P values <0.05 were considered statistically significant.
Data of the gRT-PCR are illustrated as box plots, representing the median value and
the upper and lower 25 % and 75 % quartile. All other data were expressed in bar

graphs or line charts as mean with standard error of the mean.
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5 Results

5.1 Mechanical and heat hypersensitivity in B7-H1 ko and WT mice after

SNI
Naive young (p<0.01) and middle-aged (p<0.05) B7-H1 ko mice showed mechanical

hypersensitivity compared to WT mice, whereas mechanical thresholds did not differ
between old B7-H1 ko and WT mice (Figure 8 A). Young, middle-aged, and old B7-
H1 ko and WT mice developed mechanical hypersensitivity after surgery, already
detectable on day three after surgery (p<0.01 each, Fig. 8 B-D). No differences
between genotypes were detected after SNI.
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Figure 8: Paw withdrawal thresholds to mechanical stimulation. Results of the von-Frey test in young
(8 weeks), middle-aged (6 months), and old (12 months) B7-H1 ko and wildtype littermate (WT) mice
at baseline and 3, 7, and 14 days after spared nerve injury (SNI) or sham surgery are shown in bar
graph and line charts. (A) Young (p<0.01) and middle-aged (p<0.05) B7-H1 ko mice in the naive state
displayed mechanical hypersensitivity compared to WT mice. At baseline mechanical thresholds were
lower in young (B) and middle-aged (C) B7-H1 ko mice compared to WT mice (p< 0.01, p< 0.05).
Mechanical perception did not differ in old (D) B7-H1 ko and WT mice in at baseline. Young, middle-
aged and old B7-H1 ko and WT mice developed mechanical hypersensitivity 3 days (young/middle-
aged: p<0.01; old: B7-H1 p< 0.05, WT p<0.01), 7 days (young/middle-aged: p< 0.01; old: B7-H1
p<0.001, WT p<0.05), and 14 days (young/middle-aged: p< 0.01; old: B7-H1 p<0.05, WT p<0.001)
after SNI without differences between both genotypes. Mechanical withdrawal thresholds of sham
operated B7-H1 ko and WT mice did not differ from baseline values 3, 7, and 14 days after surgery.
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B7-H1 ko: young (8 weeks; SNI: 4 male, 2 female; sham: 2 male, 2 female), middle-aged (6 months;
SNI: 3 male, 3 female; sham: 3 male, 3 female), old (12 months, SNI: 3 male, 5 female; sham: 3 male,
3 female).

WT: young (8 weeks; SNI: 3 male, 3 female; sham: 3 male, 3 female), middle-aged (6 months; SNI: 3
male, 3 female; sham: 3 male, 3 female), old (12 months, SNI: 3 male, 5 female; sham: 3 male, 4
female).

* # p<0.05; **, ## p<0.01; ***, ### p<0.001.

At baseline, heat withdrawal latencies did not show differences between B7-H1 ko
and WT mice in any age-group. From day three after SNI, both genotypes developed

heat hypersensitivity without intergroup differences (p<0.01, Figure 9).
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Figure 9: Paw withdrawal latencies to heat stimulation. Results of the Hargreaves test in young (8
weeks), middle-aged (6 months), and old (12 months) B7-H1 ko and wildtype littermate (WT) mice at
baseline and 3, 7, and 14 days after spared nerve injury (SNI) or sham surgery are shown in line
charts. No difference for paw withdrawal latencies to heat stimulation was detected in young (A),
middle-aged (B), and old (C) B7-H1 ko and WT mice. Young, middle-aged and old B7-H1 ko and WT
mice developed hypersensitivity to heat stimuli 3, 7, and 14 days after SNI without intergroup
differences (young, middle-aged: p<0.01, old: p<0.001). Sham operated B7-H1 ko and WT mice did
not differ 3, 7, and 14 days after surgery.

B7-H1 ko: young (8 weeks; SNI: 4 male, 2 female; sham: 2 male, 2 female), middle-aged (6 months;
SNI: 3 male, 3 female; sham: 3 male, 3 female), old (12 months, SNI: 3 male, 5 female; sham: 3 male,
3 female).

WT: young (8 weeks; SNI: 3 male, 3 female; sham: 3 male, 3 female), middle-aged (6 months; SNI: 3
male, 3 female; sham: 3 male, 3 female), old (12 months, SNI: 3 male, 5 female; sham: 3 male, 4
female).

** #H p<0.01; *** ### p<0.001.

28



Cold withdrawal latencies were normal at baseline and did not change after SNI in

both genotypes and age-groups (Figure 10).
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Figure 10: Paw withdrawal latencies to cold stimulation. Results of the cold plantar test in young (8
weeks) and middle-aged (6 months) B7-H1 ko and wildtype (WT) mice at baseline and 3, 7, and 14
days after spared nerve injury (SNI) are shown in linecharts. Young (A) and middle-aged (B) B7-H1 ko
did differ in cold sensitivity at baseline and 3, 7, and 14 days after SNI compared to WT mice.

B7-H1 ko: young (8 weeks; SNI: 4 male, 2 female; sham: 2 male, 2 female), middle-aged (6 months;
SNI: 3 male, 3 female; sham: 3 male, 3 female).

WT: young (8 weeks; SNI: 3 male, 3 female; sham: 3 male, 3 female), middle-aged (6 months; SNI: 3
male, 3 female; sham: 3 male, 3 female).

5.2 No influence of SNI on anxiety-like behavior

In the LDB test, the time mice stayed in the dark compartment of the LDB did not
differ between young B7-H1 ko and WT mice in the naive state or after SNI (Figure
11 A). Also in the EPM, no differences were detected in the time mice spent in the
closed arms (Figure 11 B), and in the number of entries into open arms between both
genotypes and surgeries (Figure 11 C). Exploratory behavior was assessed by
measuring the total distance travelled in the EPM and decreased only in WT mice
after SNI (p<0.05, Figure 11 D) without intergroup difference.

29



>
w

100 BB7-H1 60| EB7-H1
EwT EwTt
% 80+ & 01
w
]
£
2 5 40
T 60 T
o @
2 2 30
=1 [Z}
£ a0 £
£ £ 2]
= =
207 10
o-! 0!
young young
15
251 BEB7-H1 EB7-H1
® EwT —_ EwT
£
: =
c 2
@ T 10
3
(] -
& g
o c
E i
2 S 5
£ 8
& 2
Naive SNI young young

Figure 11: Anxiety-like behavior and locomotor activity in the elevated plus maze (EPM) and light-dark
box (LDB). Bar graphs show the results of the EPM and LDB in young (8 weeks), male B7-H1 ko and
wildtype littermates (WT), which were investigated in the naive state, after sham surgery, and after
spared nerve injury (SNI). No differences between genotypes or surgeries were found in the time
spent in the dark box of the LDB (A), in the time spent in closed arms of the EPM (B), and in entries
into open arms (C). WT mice travelled less compared to naive mice after SNI (p<0.05 each), without
intergroup difference (D).

B7-H1 ko: young (8 weeks, naive: 11 male, SNI/sham: 6 male/ group).

WT: young (8 weeks, naive: 11 male, SNI/sham: 6 male/ group).

*p<0.05.

Additionally, we performed the OF test for anxiety-like behavior, time spent in the
center zone and total distance travelled did not differ between B7-H1 ko and WT
mice, different age-groups, and at baseline or after surgery (Figure 12 A-C). Old

naive B7-H1 ko mice travelled a longer distance and achieved a higher average

speed compared to WT mice (p<0.05 each, Figure 12 D, E),
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Figure 12: Anxiety-like behavior and locomotor activity in the open field (OF) test. Results of OF are
shown in bar graphs. Male, young (8 weeks) and old (12 months) B7-H1 ko and wildtype littermates
(WT) were investigated naive, after sham surgery and after spared nerve injury (SNI). The time young
(A) and old (B) mice spent in the center zone and in the total distance young mice travelled (C) did not
differ between genotypes and surgeries. (D) Old, naive B7-H1 ko mice travelled longer distance
compared to WT mice. (E) The average speed was higher in old, naive B7-H1 ko mice compared to
old, naive WT mice.

B7-H1 ko: young (8 weeks, naive: 11 male, SNI/sham: 6 male/group) and old (12 months, 6 male).
WT: young (8 weeks, naive: 11 male, SNI/sham: 6 male/group) and old (12 months, 6 male).

*np<0.05.

In the FST, young and old B7-H1 mice did not differ in time spent immobile in the
naive state or after surgery compared to WT mice (Figure 13), showing no indication

of depression-like behavior.
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Figure 13: Depression-like behavior in the forced swim test (FST). The results of depression-like
behavior in the forced swim test in young (8 weeks) and old (12 months), male B7-H1 ko and wildtype
littermates (WT), naive, after sham surgery and after spared nerve injury (SNI) is shown in bar graphs.
No differences in time spent immobile were found in young (A) and old (B) mice between genotypes.
Even after SNI both age-groups did not show differences compared to naive mice.

B7-H1 ko: young (8 weeks, naive: 11 male, SNI/sham: 6 male/group) and old (12 months, 6 male).
WT: young (8 weeks, naive: 11 male, SNI/sham: 6 male/group) and old (12 months, 6 male).

5.3 No influence of pain on learning behavior and memory

In both genotypes and age-groups, the time mice swam until they reached the
invisible platform during the MWM training days was similar and did not change after
SNI. Also, the test duration, which decreased over time, did not differ between
genotypes and age-groups (Figure 14), being an indication of a comparable learning

behavior.
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