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Abstract

Peripheral nerve injury may result in neuropathic pain represented by spontaneous allodynia
and thermal hyperalgesia. It has been found that unilateral nerve injury induces cellular and
molecular changes not only in the structures anatomically related with the injured nerve but
also in structers of the nervous systemilated with the site of injury. The Cellular and
Molecular Research Group at the Department of Anatomy, that | am a member, was the first
who gave an evidence that sciatic nerve injury induces cellular and molecular changes in remote
cervical dorsal root ganglia (DRG). These changes correspond with induction of pro-
regenerative state in the remote DRG. Moreover, we found that descending modulation of pain
percepation is mediated via CCL2/CCR2 signaling pathway in the periaqueductal gray and the
rostral ventromedial medulla. Therefore, there is compeling evidence indicating that
neuroinflammatory response after nerve injury may spread to structures of the nervous system
not only transynaptically via the sensory pathway but also through the nervous system barriers.
In a field of the nervous system barriers, our experiments revealed that subarachnoid space
filled with cerebrospinal fluid directly communicates with the DRG giving anatomical
backround for spread of inflammatory molecules to remote structures of nervous system via
cerebrospinal fluid. In addtion, we found that peripheral nerve injury induces immune reaction
in the choroid plexus where is localized the blood-cerebrospinal fluid barrier indicating its
possible alteration after nerve injury. Presented habilitation thesis is written as a collection of
published articles with a commentary introducing the topic and describing current state of

knowledge.
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1. Introduction and aims

Neuropathic pain is defined as a chronic pain condition that occurs and persists in a
heterogeneous group of etiologically different diseases characterized by primary lesions or
dysfunction of the peripheral or central nervous systefine World Health organization has
HVWLPDWHG WKDW RI WKH ZRUOGY{V SULPDU\ FDUH SDWL

chronic pain a problem to be addressed by all physicians and health profegsionals

Peripheral neuropathic pain is manifested by spontaneous pain, hyperalgesia and allodynia,
arises as a result of various types of nerve damage, e.g., diabetic neuropathy, HIV neuropathy

post-herpetic neuralgia, drug-induced neuropathy and traumatic nerve’ihjury

It is generally accepted that the unilateral injury of the peripheral nerve causes wide range of
inflammatory reactions alongside the neuroaxis. These reactions are not only restricted on the
structures that are anatomically related to the injured sciatic nerve but also remote structures
such as cervical dorsal root ganglia (DR&j or rostral ventromedial medulla and
periaqueductal grey. These changes might be caused by spread of the proinflammatory

chemokines and cytokines via blood circulation and/or cerebrospinaffluid

The goal of presented habilitation thesis is to provide an overview of present knowledge about
the nerve injury induced neuropathic pain and spread of the inflammatory response to the
central nervous system (CNS) amdsummarize results of my experimental workhis field.

Details about design of experiments and used methods can be found in attached publications

(Chapter 12).



2. Nociceptive pathway

The nociceptive pathway begins on the peripheral nociceptive receptors and contains three
neurons; the primary neuralocated in the DRG, the secondary neuron in the spinal cord and
the tertiary neuron in the thalamus. The nociceptive pathway terminates in the sensory cerebral

cortex.

2.1. Peripheral nociceptive receptors

The sensation of pain begins on high-threshold receptors (nociceptors) as a reaction on tissue
damage. Nociceptors are free nerve endings different with regard to stimulus specificity. Some
nociceptors react on intense mechanical stimulus (mechanical nociceptors), others respond to
extreme heat or coldness (cold and heat nociceptors) and some nociceptors respond to chemical
stimuli, e.g. inflammatory state. However, many nociceptors are polymodal responding to
several kinds of stimuli. Nociceptive fibers are predominantly thinly myelinated and
XQP\HOLQDWHG $/ DQG & I|LE H Wb\A30h/sNdtS$ FiReps@HXAWHLRQ YHOR

m/s for C fiberg®11

2.2. The primary nociceptive neurons

The primary sensory neuron of the nociceptive pathway has its cell bodies in the DRG. Since

the bodies of primary neurons are pseudounipolar, they send their peripheraégtarible

peripheral nerves and central bragsto the spinal cord forming the dorsal root. The axons of
different kind of receptors are intermingled in peripheral nerves and the dorsal root, while they

are grouped according to their thickness as soon as they enter the spinal cord. Heavily
P\HOLQDWHG $. DQG $ ILEHUV HQWHU WKH VSLQDO FRUG P

and unmyelinated C fibers laterals



2.3. Nociceptive afferentatiom the spinal cord

Afferent fibers reach the spinal cord and form the Lissauer tract to synapse with the second-
order neurons distributed alongside the dorsal horn of spinal cord. The nociceptive neurons
respond to specific noxious stimuli and they are found in laminae 1, 1l, V and VI. Inputs for
WKHVH QHXURQV DUH KLJK WKUHVKROG $/ QRFLFHSWLYH ILI

somatotopic organization mainly in lamin&#>.

Axons of the secondary nociceptive neurons pass through the anterolateral funiculus and
posterior funiculus. These afferent bundles transmit nociceptive stimuli to the structures of the

brain stem and diencephal&i'

The bodies of neurons sending their axons to form the spinothalamic tract are localized mainly
in lamina | and V of the spinal cord. In addition, scattered neurons are also found more ventrally
in laminae VII and VIII.1>1718 Most of the neurons project to the contralateral thalamus
although a small group of cells projects ipsilaterally. Based on the origin and the projection, the
spinothalamic tract can be divided into three bundles. The first is monosynaptic
neospinothalamic pathway or ventral spinothalamic tract directly peojerthe lateral part of

the thalamus that carries fibers involved in the sensory-discriminative component of pain. The
second, dorsal spinothalamic tract, is multisynaptic paleospinothalamic pathway that terminates
on intralaminar and dorsal nuclei of the thalamus involved in the motivational-affective aspects
of pain. The third tract is projected directly to the medial central nucleus of the thalamus that is

responsible for affective component of p#ir®

The spinoreticular tract starts on neurons localized in the deep layers of the dorsal horn of spinal
cord as well as in laminae VII and VIII of the ventral h&t%. The tract has two components,
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the first projects to the precerebellar nucleus involved in motor control. The other component
is involved in nociception and projects to the medial pontobulbar reticular formation. The
pontocerebellar tract is believed to play a role in motivational-affective characteristics and

neurovegetative responses to pAitf.

The spinomesencephalic tract originates in lamina I, IV and V as well as the ventral horn and
lamina X. Spinomesencephalic projections run to several areas of the midbrain including
nucleus cuneiformis, intercolliculus nucleus, deep layers of the superior colliculus, nucleus of
Darkschewitsch, pretectal nuclei, red nucleus, Edinger-Westphal nucleus, interstitial nucleus of
Cajal. Moreover, the spinomesencephalic tract also terminates in periagueductal gray that play

important role in descending modulatory system for attenuation otp&in

2.4. Tertiary nociceptive neurons

Tertiary nociceptive neurons are found in the thalamus that is the main relay station for
ascending tracts directed to the cortex. The thalamus receives fibers involved in perception,
integration, and transfer of the pain mainly via the spinothalamic tract that projects to both
medial and lateral nuclear complex. Many spinothalamic fibers terminate in the ventral
posterolateral nucleus that is somatotopically organized. The ventral posterolateral nucleus has
interconnections with the primary sensory cortex responsible for localization of the pain and its

intensity.

The spinothalamic tract has also terminations on the neurons of the ventral posteromedial
nucleus that send axons to the prefrontal cortex. Since the ventral posteromedial nucleus
receives fibers from the parabrachial nucleus and has interconnections with the amygdala,

hypothalamus and periaqueductal grey, it is believed to be involved in emotional aspects and



vegetative response to the pain. In addition, the spinothalamic fibers end on the posterior

nucleus, the intralaminar nuclei (e.g. central lateral nucleus) and mediodorsal htitleus

2.5. Cortical projections of nociceptive pathway

The painful stimuli activate multiple cortical areas, hamely primary sensory cortex, secondary
sensory cortex, insula, anterior cingulate cortex and prefrontal cortex. The afferent fibers from
the thalamus form the medial and lateral system of the nociceptive pathway based on the
projection sites from medial and lateral thalamic nuclear complexes (Fig. 1). Although the
division of the afferent nociceptive pathway to the lateral and medial system is
oversimplification, it is useful because of grouping of the cerebral regions that seem to have
similar role in pain perception. The lateral system is believed to play a role in perception of the

location and intensity of the pain while the medial system in affective component of the pain

2022

lateral system: medial system:
cortex: Sl Sl insula
1\ ‘\‘g\
thalamus: | VPL,VPM VMpo | | MDvc,Pf
spinal cord: lamina | lamina V deep layers

Figure 1. The cortical projections of nociceptive pathwd§sVPL +ventral posterior lateral

nucleus; VPM zventral posterior medial nucleus; VRventral posterior inferior nucleus;



VMpo z*posterior part of ventromedial nucleus; MDwwentrocaudal part of medial dorsal
nucleus; Pftparafascicular nucleus; Ckcentrolateral nucleus; Stprimary somatosensory

cortex; Sll tsecondary somatosensory cortex; A@@nterior cingulate cortex.

2.6. Descending modulatory pathways

Pain is modulated by descending modulatory circuit that receives inputs from several areas of
the central nervous system, e.g. the hypothalamus, cingulate cortex or amligaetaer,

pivotal role in nociceptive modulation plays the periaqueductal gray in the midbrain. The
periagueductal gray has columnar functional organization with ventrolateral and dorsolateral
columns. It has been found that stimulation of the ventrolateral column evokes active defense
behavior and opioid-dependent analgesia (abolished by injection of naloxone). In contrast,
stimulation of the dorsolateral column causes freezing reaction and opioid-independent
analgesig®. Axons of the periaqueductal gray have their synapses in the rostral ventromedial
medulla on neurons of the nucleus raphe magnus and the nucleus reticularis gigantocellularis.
These neurons have connections with the spinal cord forming the raphespinal tract that directly

or indirectly modulates nociceptive afferentatiéd* (Fig. 2).
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Figure 2. Scheme of the nociceptive pathway on the right (purple) and descencing modulatory
pathways on the left. Red neurons induce inhibition while green mediate facilitation of

nociception. Modified from Brodaf.



3. Peripheral neuropathic pain models

Peripheral nerve injury frequently results in development of the neuropathic pain that may differ
depending upon the type of nerve damage and the individual. Our knowledge of cellular and
molecular events in the nervous system following peripheral nerve injury is based on various

types of experimental nerve lesions in animal models.

Peripheral nerve injury causes cellular and molecular changes in primary afferent neurons, their
peripheral and central branches. Severity and form of molecular and cellular chgpegedsde

on many factors including type and lesion position. Generally, reaction of neurons in
corresponding DRG is more intensive when the nerve damage is closer to the neuronal
perikaryon and prognosis of recovery is much poorer in comparison to lesions far from the
perikaryon®>?% Total axotomy produces more severe reaction than peripheral nerve ligation
when continuity of the axons is not disruptédn addition, age of the organism plays important

role in reaction to the injury. Experimental studies revealed that peripheral nerve injury in

young animal causes more intensive reaction of the nervous system than in older#@sifmals

Numerous experimental models were developed to study neuropathic pain induction as a
consequence of molecular and cellular changes in the nervous system. In general, the
experimental models can be divided according to position of the lesion (spinal nerve roots,
DRG, spinal nerve or peripheral nerve) and the type of lesion (transection, compression by
loose or tight ligation, cryoneurolysis, stimulation of perineuronal inflammation, tumor cells

invasion or laser radiatior.

Because of favorable anatomical organization, majority of experimental models are undertaken

on the hind limb of rodents which is innervated from +136 spinal segment&-32



3.1. Experimental peripheral nerve injury

The sciatic nerve is the most commonly used peripheral nerve for the nerve lesions having the

maximum amount of neuronal perikarya in rat DRG of the L4 and L5 segfients

3.1.1. Sciatic nerve transection

The model of sciatic nerve transection described Wall with colledyWsR PLPLF WKH 3SKDC
SDLQ” ZHOO NQRZQ LQ SDWLHQWY XQGHUJRLQJ WKH DPSXW|
of the sciatic nerve is performed in the middle of thigh. The proximal stump is either ligated or
inserted to the polyethylene tube or a 5-8 mm long segment of the nerve is removed to prevent
reinnervation. The axotomy causes immediate loss of both sensory and motor innervation in
area innervated by the sciatic nerve. The whole distal stump undergoes molecular and cellular
changes well known as the Wallerian degeneration. Since the axotomy results in bédckade
retrograde transport and interruption of the blood-nerve barrier, the Wallerian degeneration
products (cytokines, chemokines and cellular debris) are easily transported via blood
circulation. The disadvantage of this model is impossibility of behavioral testing including
allodynia and hyperalgesia in denervated limb. In addition, deafferentation of the limb results

LQ -\DWMOWDFN"~ WKH DXWRWRP\ W LV TXHVWLRQDEOH LI WI

pain®® or a response to total denervation of the hind paw.

3.1.2. Chronic constriction injury

Bennet and Xié® as the first described the chronic constriction injury. In its original form, four
tight ligatures of chromic gut (4-0) were placed on the sciatic nerve in the middle of thigh. The
chromic gut causes local inflammatory response and subsequent nerve edema inducing an

increased compression of axons. Nerve inflammation caused by the chromic gut is accompanied
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by immune reactiord’ with invasion of immune cell®. Therefore, the chronic constriction
injury using the chromic gut is not suitable to distinguish between inflammatory reaction

induced by the chromic gut and that produced during Wallerian degenéfsfion

Nevertheless, use of sterilized material (e.g. Prolen) to prevent inflammatory response and
edema of the nerve has disadvantage in non-uniform amount of injured and uninjured axons.
To prevent this disadvantage, W LV SRVVLEOH WR XVH SRO\HWK\OHQH
diameter placed on the sciatic nerve. Tissue reaction between the nerve and cuff can be

minimalized using biocompatible materfél

Chronic constriction injury causes loss of both sensory and motor fibers. Considerable loss of
KHDYLO\ P\HOLQDWHG $. DQG $ D[RQV DQG VPDOOHU DPR
deafferentation of the hind limb was demonstrated following the sciatic nerve litfsffofihe

DRG associated with the nerve ligation contain a mixture of neurons with injured and uninjured
axons. The uninjured axons distal to the ligation are exposed to the Wallerian degeneration
products (cytokines, chemokines) from injured fibers. These molecules can be retrogradely
transported by uninjured axons to corresponding DRG neurons. Therefore, the nerve ligation is
suitable model for studying contribution of the Wallerian degeneration to neuropathic pain

induction.

3.1.3. Partial sciatic nerve ligation

3DUWLDO VFLDWLF QHUYH OLJDW L R*%€hatvhimiOnéRe boQtesibQ DV 36+
Partial sciatic nerve ligation is performed using curved needle and silk thread (8-0) at the mid-
thigh with the aim to affect approximately one third to one half of nerve fibers. In comparison

to the chronic constriction injury, majority of heavily myelinated axons remains unaffected and

contributes to development of mechanical allodynia. Partial nerve ligation induces lower

10



inflammatory component than the chronic constriction injury model with chromic gut.
However, variability of number of affected axons, inconsistent manner of damaged endoneurial
cells by needle penetration and random mixture of L4-L5 spinal nerve afferent injuries are

considered to be disadvantageous in this model.

3.1.4. Spared nerve injury

Spared nerve injury is a model of partial limb denervation with minimal variability of nerve
GDPDJH 5DWeV KLQG OLPE SODQWDU DUHD LV LQQHUYDWH
common fibular, the tibial and the sural nerte€lassical spared nerve injury model described

by Decosterd and Wodtf in rats was based on transection of the tibial and the common fibular
nerves while sural nerve was left intact. In mice, the dynamics of mechanoallodynia and thermal
hyperalgesia after spared sural nerve does not correlate with those seen in rats. Therefore,
variations of spared nerve injury when the common peroneal or the tibial nerve is left intact
were studied'®. Reinnervation of axotomized nerves was prevented by tight ligature of the
proximal stump and removal of 2-4 mm segment of appropriate nerve. In contrast to
aforementioned models of peripheral nerve injury, spared nerve injury model produces the most
constant degree of axonal damage. In addition, the direct contact of injured and uninjured axons
is avoided in peripheral nerve. However, there is considerable co-mingling of injured and
uninjured neurons in corresponding DRG. This situation allows studies of potential paracrine
signaling in DRG and its contribution to neuropathic pain development. It is important to note
that even only two branches out of three are axotomized there are changes in all neurons in
DRG associated with the sciatic nerve. Advantage of this model is possibility of behavioral

testing in the skin region innervated by non-affected branch of the sciatic nerve.

11



3.1.5. Segmental L5/L6 spinal nerve ligation

The spinal nerve ligature is performed using tight (3-0) ligature distally to corresponding DRG
on the L5-L6 spinal nerves while leaving the L4 spinal nerve ifitaghis model is based on
experimental paradigm that there is population of axotomized and intact neurons in one DRG.
Since the L4 spinal nerve is intact it is possible to investigate changes in sensitivity in

corresponding plantar dermatomes.

Although spinal nerve ligation produces uniform changes in associated DRG, an extensive
surgical approach to vertebral foramina and tissue damage near intact L4 spinal nerve are
disadvantageous in this model. Therefore, evaluation of molecular changes including

inflammatory is very problematic.

3.2. Experimental spinal nerve root injury

In contrast to peripheral nerve injury models, experimental models of spinal root injury are
more difficult to achieve. Overall range of surgical approach is the biggest limitation. Before
the spinal root lesion it is necessary to retract the paravertebral muscles, remove the transverse

processes, provide hemilaminectomy and open the dural sac.

3.2.1 Dorsal root compression

The dorsal root of spinal nerve contains primary central arms of afferent fibers. Therefore, there
is no motor defect in case of the dorsal root injury. Model of the dorsal root compression
simulates the compressive radiculopathy. Original model described Tabo with collégues
when the silk ligature (7-0) was placed on the dorsal roots of L4-L6 spinal segments.

Corresponding DRG contain populations of affected and unaffected primary sensory neurons.

12



Some of the fibers proximal to the lesion undergoes Wallerian degeneration while a mixture of

injured and uninjured axons is found distal to the lesion.

There were developed alternative methods of the dorsal root compression to guarantee constant
force on the axons. The dorsal root can be compressed using the steel bar inserted to the
intervertebral foramef? or tube containing material that can expand following fluid absorption

°0 Temporal cellular and molecular changes during compressive radiculopathy and subsequent

decompression can be studied using combination of epidural catheter and nifon rod

3.2.2. Dorsal rhizotomy

Dorsal rhizotomy mimics an avulsion of the dorsal root nerve out of the spinal cord frequently
caused by traction mechanism. The model is based on complete transection of the dorsal root
of spinal nerve between the cervical/thoracic or lumbar/sacral segfiiethtat affects all
primary sensory neurons in corresponding DRG. Moreover, there is deafferentation to
associated segment of the spinal cord resulting in various degree of self-mutilation in
experimental animals. Although complete transection of the dorsal root causes deafferentation
of the spinal segments, allodynia and hyperalgesia are present in experimental animals in

similar degree to the dorsal root compression madel

3.2.3. Ventral rhizotomy

Ventral rhizotomy is the first model of neuropathic pain where afferent sensory fibers remain
intact. The model is based on complete transection of the ventral root of spinal nerve. Motor
axons distal to the lesion undergo Wallerian degeneration and generate cellular and molecular

changes that affect intact afferent fibers. Ventral rhizotomy causes morphological and

13



metabolic changes in corresponding DRGs represented by invasion of macrophages and
increased expression @ XPRU QHFURVLV>BFWRU

71)

2

1 @
3 “‘ :
Common fibular nerve * '
Sural nerve

5
Sciatic nerve
\ \"m

Tibial nerve

Figure 3. Schematic drawing of the peripheral neuropathic pain modelsSéiatic nerve
transection; 2+Chronic constriction injury; 3tPartial sciatic nerve ligation; 4Spared nerve
injury; 5 +Segmental L5/L6 spinal nerve ligation;8Dorsal root compression; ZDorsal

rhizotomy:; 8 +Ventral rhizotomy.0ORGLILHG IURP .OXViNRYi DQG 'XERY&
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4. Wallerian degeneration

In 1850, dr. Augustus Waller described degeneration of the cranial nerves after injury in frog

%6 Therefore, cellular and molecular changes after peripheral nerve injury are well known as

Wallerian degeneration. These events form convenient environment for regeneration of axons

and thus providanimportant precondition for reinnervation.

Injury of the nerve and axons causes cascade of events including proliferation of Schwann cells
57 invasion of circulating macrophagés alteration of the blood-nerve barri®r changes in

the endoneurial extracellular matfkand elevation of cytokine productiéh

4.1. Axon degeneration

The axotomy induces degeneration of axoplasm, axolemma and myelin distal to nerve lesion.
Degeneratioin of axon is an active event independent on non-neuronal cells surrounding the
axons®2. Degeneration of the axon is possibly triggered by impaired axonal traféport
Increased free intracellular €aand activation of calpains leads to decrease of microtubular

and neurofilament protein levets These events result to axonal fragmentation in 48 Réurs

Schwann cells play crucial role in initiation of the Wallerian degeneration. Fragofethis
myelin sheath appear within Schwann cell cytoplasm as ovoids and small whorls of myelin
debris and the Schwann cell displayed numerous lipid droplets. Then, the myelin debris is

phagocytized by the recruited macrophai§és

Circulating macrophages infiltrate epineurium of the lesion site 3 days after injury while
endoneurium is infiltrated 5 to 7 days after injG®yThen, the macrophages spread to entire
distal stump of injured nerve and reach maximum number 14 days after’hjBegide myelin

phagocytosis, macrophages secrete mitogenic factors for Schwann cells and fibtoblasts

15



Beside the macrophages, Wallerian degeneration is accompanied by invasion of mast cells,
neutrophils and lymphocytes to the site of nerve lesion. Mast cells degranulate within the
endoneurium of the injured nerve and thus contribute to recruitment of macrophages and
neutrophils °. Moreover, they participate on initiation of inflammatory reaction and
development of hyperalgesiad Neutrophils are responsible for production of a wide range
inflammatory cytokines and chemokines in injured nerve. They are attracted by factors of

degranulated resident mast céfls

4.2. Wallerian degeneration as sterile inflammatory reaction

Tissue injury leads to inflammatory reaction that is characterized by increased expression of
immune mediators responsible for wound healfdlerve injury induces not only production

of neurotrophic factors but also induction of inflammatory response accompanied by production
of cytokines, chemokines and transcription factbrBeside immune cells, activated glial cells
contributeto secretion of cytokines and chemokines in nervous sy&tenme first cytokines
secreted after nerve injury are TNF- LQ W H U Ol X Ndn® IL-. 7° because they play
crucial role in microphage recruitment to the site of nerve inffui@ytokines produced during
Wallerian degeneration have mainly negative effect on neuropathic pain induetfon
However,in vitro experiments revealed that some cytokines liké) . 5/, IL-4 and IL-6

have a synergic effect with neurotrophic factorsduction axon outgrowtF?,
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5. Reaction of the DRG0 peripheral nerve injury

Peripheral nerve injury induces cellular and molecular changes in the DRG that contribute to
induction and maintenance of neuropathic §&iihe DRG contain bodies of primary sensory
neurons that are surrounded with satellite glial cells. Since the primary sensory neurons are
pseudounipolar they send off peripheral and central branches. The peripheral branches are
localized within peripheral nerves and reach peripheral terminals in target tissue while the

central branches run in the dorsal roots to the CNS.

5.1. Cellular reactions in DRG induced by peripheral nerve injury

The cellular changes induced by peripheral nerve injury are related with proliferation and
activation of the satellite glial celf$®?as well as invasion of macrophages and lymphocytes
to corresponding DR&. Primary stimuli inducing invasion of macrophages to ipsilateral DRG
seems to be triggered by retrograde signaling from injured &&nvgury-induced invasion of
macrophages is probably triggered also by release of CX3CL1 (fractlime) CCL2 from

axotomized DRG neurorié.

Numbers of macrophages immunoreactive for major histocompatibility system Il increase in
the corresponding DRG 1 week after a nerve transection and remain elevated for 3 months. In
early phase, macrophages are diffusely distributed in the DRG and later are concentrated around
injured sensory neurofig®’. Activated ED1+ macrophages frequently invade the satellite glial
cell-neuron unit in corresponding DRG after nerve injury. Thus, the satellite glial cells together

with invaded macrophages have ideal position for modification of the neuron envirciment

There isan evidence that activated ED1+ macrophages invade not only the ipsilateral but also

contralateral DRG>.
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5.2. Molecular reactions in DRG induced by peripheral nerve injury

Molecular reactions in the DRG following the peripheral nerve injury represent double-edge
sword. On one side, these reactions participate on neuropathic pain development and
maintenance. However, on the other side, the same reactions give background for reactivation
of the neuronal regeneration program important for successful recovery of the injured peripheral

nerve. Our lab is focused on both events and published articles in highly impacted journals.

5.2.1. Cytokines and chemokines involved in neuropathic pain development and maintenance
The cytokines and chemokines are secreted in corresponding DRG after peripheral nerve injury
from immune cells, neurons and satellite glial cells. They have been implicated to play role in
neuropathic pain proceby two mechanisms. Firstly, they may act directly on primary sensory
neurons, and secondly, they can indirectly act via activation of signaling pathways in immune
cells 8, From the pathophysiological point of view, the cytokines and chemokines might be

divided to two groups, pro- and anti-inflammatory.

The pro-inflammatory cytokine IL- is produced and secreted by macrophages, monocytes
and microglia as a part of stress reaction. Expression of the léegptor has been detected in

DRG suggesting IL-1 autocrine and paracrine effect on sensory proce$$figlt has been

found that application of endogenous IL-1 receptor antagonist reduces pain-associated behavior

suggesting the centril-  effect on hyperalgesi.

TNF-. LV -ifflarRmatory cytokine that initiates cascade of activation of other cytokines,
chemokines and growth factors. Expression of TNdRd its receptors (TNF- UHFHSWR U DQ
2) in DRG has been proved in different models of peripheral neuropathi@faimportantly,

unilateral chronic constriction injury induced enhanced expression of TNE-RW RQO\ LQ

ipsilateral but also in contralateral and remote cervical BR@Gaddition, enhanced expression
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of TNF-. UH F H $heiRjlwed i¢rve was detected after chronic constriction injury and nerve
crush®. Direct application of TNF- WR WKH VFLDWLF Q HdegdthdevitkeBrapicSUR G X |

firing in afferent axon$® suggesting the role of TNE- LQ QHXURSDWKLF SDLQ SURF

Expression of the pleiotropic pro-inflammatory cytokihe6 is associated with hyperalgesia
and allodynia in models of peripheral nerve injdfy°. Increased IL-6 mRNA levels were
detected in DRG after chronic constriction injuly addition, IL-6 knockout mice displayed
attenuation of hyperalgesia compared with wild type mice after chronic constriction$hjury
Intrathecal application of IL-6 antagonist attenuated nerve-injury induced hyperaitfesia
Moreover, it has been found that expression of IL-6 is increased not only in nerve injury-
affected DRG but also in remote DR&. Upon binding the specific receptor, IL-6 brings
together the intracellular regions of gp130 to initiate signal transduction through STAT3
signaling pathway!%?2 We found that intrathecal application of IL-6 caused nuclear
translocation of STAT3 and its phosphorylation at the tyrosine-705 and serine-727 in lumbar
and cervical DRG. Interestingly, similar reaction was displayed in remote cervical DRG after
chronic constriction injury. These findings suggest spread of inflammatory response from nerve
injury-affected DRG to remote DRG through CSF in subarachnoid $@bapter 12, Article

A).

The IL-10 is anti-inflammatory cytokine with suppressor effect on many pro-inflammatory
cytokines including e.dL-1 and TNF- 103194 |t has been found that peripheral nerve injury
induces increased bilateral expression of IL-10 not only in the homonymous DRG but also in

the heteronymous DRG unassociated with the injured ferve
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5.2.2. Nerve injury-induced regeneration state in the DRG

Peripheral nerve injury induces significant changes in metabolism, survival, excitability and
neurotransmitter functions of affected neurd?ts These events may lead to reactivation of
intrinsic regenerative program as a part of functional recovery in injured peripheral nerves. The
DRG provide very potenin vitro andin vivo model for testing of mechanisms regulating

reactivation of silent regenerative program.

Regenerative state in the DRG neurons can be detected by expression of regeneration-
associated molecules like cortical cytoskeleton associated protein 23 (CAP-23), growth
associated protein 43 (GAP-43), superior cervical ganglion 10 (SCG-10) or small proline-rich
repeat protein 1A (SPRR-1A). These molecules are important intrinsic determinants of the
increased regenerative ability of the DRG neur8h¥” However, different populations of the

DRG neurons may respond differently with respect to their regeneration capacity and
expression of molecular markers. Therefore, we aimed in our research to describe expression

of aforementioned markers with respect to size of neurons and their phenotype.

We found that immunohistochemical detection of GAP-43 recognizing both phosphorylated
and dephosphorylated forms is not sufficient as a marker for recognition of all types of neurons
with regenerating axons. Moreover, this marker cannot be used for detection of regenerating
axons in early periods after nerve injury. Contrary to GAP-43, SCG-10 is more reliable for
detection of neurons with reactivated regeneration program and regenerating sensory axons.
Another markers that could be used as a good alternative for recognition of neurons with

regenerating axons are ATF3 and STAT3Chapter 12, Article B).

In our second experimental work, we were focused on induction of pro-regenerative state in the
DRG non-associated with injured nerve. We correlated expression of GAP-43 and SCG-10 with

lenghth of regenerating axons in crushed ulnar nerve after prior sciatic nerve injury. ®g/en d
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after sciatic nerve compression or transection, our experiments revealed increased bilateral
expression ofAP-43 and SCG-10 not only in primary sensory neurons of the lumbar DRG
(L4-L5) associated with injured nerve, but also in remote cervical DRG (C6-C8). Moreover,
increased expression of pro-regenerative proteins in the cervical DRG was associated with the
greater length of regenerated axons 1 day after ulnar nerve crush following prior sciatic nerve
injury as compared to controls with only ulnar nerve crush. To confirm axonal regeneration
capacity of the cervical DRG we used neurite outgrowth assay wfro cultivated DRG
neurons. In next part of experiments, we found that the IL-6 signaling pathway plays a key role
in activating the pro-regenerative state in remote DRG. Our results revealed that the pro-
regenerative state induced in remote primary sensory neurons non-associated with the injured
nerve reflects a systemic reaction of these neurons to unilateral sciatic nerve injury possibly due

to spread of inflammatory reaction via the cerebrospinal fifigChapter 12, Article C).

6. Reaction of the spinal cord and brain stem to nerve injury

Central branches of the DRG primary sensory neurons enter the posterolateral sulcus of spinal
cord through dorsal root. Heavily myelinated A fibers involved in mediation of non-noxious
somatosensory inputs enter the spinal cord medially and travel through the dorsal columns
projecting ipsilateral to second order cells in the brainstem, including cells in the nucleus
gracilis and nucleus cuneatt!§ /LIJKWO\ P\HOLQDWHG $/ DQeéntatQP\HOL
spinal cord laterally and most of them terminate on grey matter of the homonymous or segment.

The grey matter of the dorsal horn may be divided 10 laminae on which low-threshold
mechanoreceptors terminate in laminae Ill and 1V, high-threshold nociceptors in laminae I, Il

and V and unmyelinated C-fibers in lamina3#t1-112
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6.1. Inflammatory reactions in the spinal cord of neuropathic pain models

It was demonstrated that the peripheral nerve injury-induced hyperalgesia is associated with
cellular and molecular changes in the dorsal horn of the spinal cord in segments corresponding
to injured nerve. These changes are related with activation of microglial cells and astrocytes as
well as alteration of pro- and anti-inflammatory cytokines produced by neurons, microglia,

astrocytes and invading immune céRd3216,

It is generally accepted that microglial cells are considered to be immune cells of the CNS
playing a key role as scavenger cells in inflammation, infection, trauma, ischemia and
neurodegeneration in the CNS7!8 Since the microglial cells belong to monocyte-
macrophage lineage, they form clusters around cell bodies of injured neurons, similar to
macrophages in the DR&"!1% The peripheral nerve injury induces robust activation of
microglia in the dorsal horn of spinal cord that precedes to activation of astrocytes. It was found
that specific molecular markers for microglial activation TLR4, ITGAM and CD14 are
upregulated in the dorsal horn early after nerve injify Activated microglia is
immunohistochemically detected by OX-42 antibody directed against a complement receptor 3

antigen (CD11b/c) or antibody against ionized calcium binding adapter molecule {1342)

Activation of the resident microglia in the spinal ca@sla response to nerve injury can be
mediated via three pathways; fractalkine (CX3CL1) mediated pathway through the CX3CR1
receptor, CCR2 pathway and Toll-like receptors (TLR). Fractalkine (CX3@GLd neuronal
transmembrane glycoprotein from which a soluble chemokine domain can be cleaved by
proteolysis. However, fractalkine is biologically active in both membrane-bounded and soluble
form 122 Role of the fractalkine/CX3CRL1 signaling pathway in neuropathic pain was studied
by intrathecal administration of fractalkine and CX3CR1 neutralizing antibody. Intrathecal
injection of the fractalkine induced mechanical allodynia and contrary, the CX3CR1

neutralizing antibody decreased mechanical allodynia after nerve fjivember of the CC
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chemokine family CCL2 has the ability to recruit immune cells including macrophages and
microglia to the site of neuronal injuf¥”. It has been found that CCL2 is a key mediator in
development of neuropathic pain. The peripheral nerve injury induces upregulation of CCL2 in

the DRG that is transported and released in the dorsal horn of spinal cord. Moreover, lumbar
DSSOLFDWLRQ RI &&/ LQGXFHV PHFKDQLFDO DOORG\QLD D¢
inhibition of endogenous CCL2 following nerve injury attenuates both phendfhdiR are

12 evolutionary conserved membrane receptors that initiate innate immune response by
recognizing molecules shared by different pathogens. Signaling pathway mediated by TLR
leads to activationof NF% VXEVHTXHQWO\ WR XSUHJXODWLRQ RI LQW
inflammatory cytokines and chemokin&$'?® It has been found that activation of TLR2 and

TLR4 plays crucial role in microglial activation and production of proinflammatory cytokines

after nerve injury. Inhibition of TLR2 and TLR4 signaling pathway lead to attenuation of

microglial reaction and neuropathic pain-like behavior in nerve-injured antfiafé

Astrocytes are the most abundant glial population participating in immune reactions. They have
been investigated mainly because of their supportive functions for neurons. Astrocyte
hypertrophy and activation expressed by GFAP upregulation has been found in the dorsal horn
of spinal cord after nerve injuf¥®12% In contrast to microglial reaction, activation of astrocytes

is more persistent and can last for more than 150%a4stivated astrocytes are a major source

of pro-inflammatory cytokines that contribute significantly to induction and maintenance of

peripheral neuoropathic patff:3:

It has been found that peripheral nerve injury induces upregulation of proinflammatory
cytokines and downregulation of anti-inflammatory cytokines in activated microglial cells and
astrocytes related with induction and maintenance of peripheral neuropathi¢'paid? The
major pro-inflammatory cytokines that affect peripheral neuropathic pain are IL-6 and

TNF-. 133 Expression of - ITROORZLQJ WKH QHUYH LQMXU\ LV HQK
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astrocytef the CNS structure$*. Moreover, it has been found that intraplantar application

of .- WR QDwY Hprdd@ésPiy@halgesi&®. Mechanical allodynia and thermal

hyperalgesia are associated with6 expression. Intrathecal application of IL-6 induces onset

of neuropathic pain®@ LNH EHKDYLRU L3OQnv@rBealyYihirah€xral Ridnistration of

IL-6 inhibitor relieves pain in nerve injured anim¥{$°*133 Receptors for TNF- 71)5 DQG

2, are present in both neurons and titaThere is an evidence that at injured nerve sites, TNF-
LV UHWURJUDGHO\ W D@ eSrimalsNiHi@ ddiQaGhdir-bOsgibaV/dihiG

In contrast to IL- ~-6and TNF- WKH PDMRU F\WRlahntatdry effdcidie ID Q W L

4 and IL-10. It has been found that the expression of both IL-4 and IL-10 is decreased in the

dorsal horn of spinal cord after nerve inju#**° Since low blood levels df -4 and IL-10

were found in patients with chronic widespread pain, they seem to be crucial for onset and

maintenance of the chronic paiff. IL-4 is pleiotropic anti-inflammatory cytokine that is

produced by various types of immune cells including CD4+ T lymphocytes, mast cells,

eosinophils and basophilé®. There is growing body of evidence that even IL-4 inhibits

macrophage activation it also upregulates transcripRdn -B- Q ®pibid receptors. Therefore,

IL-4 may attenuate nociception through endogenous opioid sy&téfaIL-10 is very potent

anti-inflammatory cytokine repressing the expression of pro-inflammatory cytokines (IL-

IL- DQG 71). a@mindstvation of IL-10 has ability to suppress development of'ffain

In our research about the reaction of the spinal cord on nerve imarwere focused on

attenuation of behavioral hyperalgesia using intrathecal application of the CD200 fusion protein
116 CD200 is a membrane glycoprotein with immune suppression effect via its receptor
CD200R. CD200 is mainly expressed on neurons while CD200R preferentially on myeloid cells
including microglia®®. Increased level of CD200 is associated with less activated monocytes
and increasing expression of IL-10 in the CNS in experimental model of autoimmnune

encephalomyelitis*®. Conversely, CD200-/- mice displayed immune cells dysregulation,
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increased activation of microglial cells and enhanced susceptibility of autoimmune
encephalomyeliti$*”14 In our experimental study we found increased mRNA levels of pro-
inflammatory cytokine (IL- 6 and 71). DQG GHFUHDVHG P541%$ OHYH
inflammatory cytokines I(-4 and IL-10) in spinal cord of L4-5 segments after chronic
constriction injury. We proved that intrathecal application of CD200 fusion protein diminished
elevation of pro-inflammatory cytokine mRNA and simultaneously ameliorated deficit of anti-
inflammatory cytokines after chronic constriction injury. Moreover, intrathecal CD200 fusion
protein application suppressed activation of microglial cells and astrocytes after nerve injury.
In agreement with cellular and molecular changes the CD200 fusion protein also attenuated
mechanical allodynia and thermal hyperalgesia in nerve-injured animals. However, the anti-
inflammatory effect of CD200 fusion protein was only transient and dropped at 24h afte

intrathecal applicatio@Chapter 12, Article D).

6.2. Pain processing and modulation in the brain stem

6.2.1. The gracile and cuneate nucleus

Innocuous information such as touch, pressure and vibration are conveyed via the dorsal
columns and transmitted in the in medulla oblongata. The gracile nucleus receives information
from the lower part of the body while the cuneate nucleus from the upper part of the body. It

has been found that both nuclei are involved in neuropathic pain development and maintenance

149

Increased GABA synaptic uptake together with robust astrogliosis was reported in the gracile
nucleus after spared nerve injufy. Moreover, it has been found that gracile nucleus plays a

role in central sensitization by up-regulation of phosphorylated NMDA receptor 1 in neurons

25



151 and phosphorylated-p38 MAPK-immunopositive microglid Role of the medulla

oblongata in neuropathic pain processing was also confirmed by experiments using nerve injury
of the median nerve. These experiments revealed impotant role of astrocyte activation
expressed by increased GFAP immunoreactivity in the cuneate nucleus after median nerve
injury %3, Furthermore, it hase been demonstrated that median nerve injury induces increased
neuropeptide Y immunoreactivity and c-fos expression in the cuneate nucleus corresponding

with behavioral signs of the neuropathic p&it>3

6.2.2. Rostral ventromedial medulla

Rostral ventromedial medulla (RVM) is composed of nucleus raphe magnus and
gigantocellularis. Their neurons are involved in descending attenuation of pain perception as

was described in chapter 2.8. According to their pharmacological and physiological properties,
WKH QHXURQV RI 590 FDQ EH G-IPHENEBFWEBONVK UBIQIG B@KSW UT
7KH SEQGOOV" LQFUHDVH WKHLU ILULQJ UDWH EHpRrigéed WKH Q
WR WKH SDLQ &RQWHOQY W REKHKHePeARQSIring rate before the
nocifensive reflexes and inhibit nociception. Remaining cells that display no changes in firing
UDWH DUH 3% N Weur@pahie plath ©oviditions, balance of circuitry within the RVM
VKLIW WR GRPLQBMHM®RMYV RIRWHKUWH WXH 3211 D' Gloweyet XWUDO
VHQ]LWLVDWLRQ RI-ER®® V2@ RDIQIQRAKRXYV DQG QR[LRXV F

demonstrated to facilitate allodynia and hyperalg&Site®

Since activation of glial cells affect neuronal activity via cytokines and chemokines, activation
of astrocytes and/or microglia in RVM may affect modulatory role of descending pathways in
neuropathic pain maintenance. Early transient activation of microglia and delayed reaction of

astrocytes in RVM related to mechanical hyperalgesia was reported after chronic constriction

26



injury of the infraorbital nervé®. However, after spinal nerve ligation strong activation of

microglia was displayed 10 days after injdit%

In the light of these findings, we focused our research on changes of glial cells in RVM
following different types of peripheral nerve damage, namely chronic constriction injury and
transection of the sciatic nerve. We use®-42 immunostaining for detection of activated
microglia and GFAP for activated astrocytes. Our results showed that both types of the nerve
injury induced microglial activation while only nerve transection caused strong astrogliosis in
PAG. Consequently, we wanted to answer a question what causes activation of glia in RVM
after nerve injury. Therefore, we focused on candidate chemokine CCL2 with its receptor CCR2
(see chapter 6.1.). Our results revealed that CCL2 immunoreaction was present in neurons and
activated GFAP+ astrocytes while the CCR2 was display@Xud2 positive microglial cells

" (Chapter 12, Article E).

6.2.3. Pons

The main structure involved in pain processing in the pons is the locus coerules. Neurons of the
locus coeruleus are capable to produce noradren@lileD W LV N Q R-AdpendrBcdptbrd/ RQ .
in the spinal cord with antinociceptive effetf. Noradrenaline reuptake inhibitors and
gabapentin are used as approved treatments of chroni®p&thit has been demonstrated that
gabapentin acts directly within the locus coeruleus via glutamate dependent mechanism to
alleviate pain behavior after spinal nerve ligattth'®t However, on the other hand, there are
experimental works that revealed opposite role of the locus coeruleus in pain prot&s8ing

It has been found that lesion of the locus coeruleus prevented autotomy in animals after sciatic

and saphenous nerve transectith
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6.2.4. Mesencephalon

Two structures are involved in pain processing in the midbrain, the periaqueductal grey and the
red nucleus. The red nucleus is well known as an important structure of the extrapyramidal
system participating in e.g. motor learning, postural corrections and recovery after spinal nerve
injury 167168 However, experimental studies demonstrated its role in neuropathic pain
regulation. It has been shown that glutamate and IL-6 in red nucleus are related with induction
and maintenance of mechanical allodynia after spared nerve i#jdfy Moreover, it has been
demonstrated that cytokine levels including TNF--/ D @Qédsve growth factor (NGF) in red

nucleus correlate with severity of behavioral changes after spared nerve-ihjity™.

Periagueductal gray plays very important role in descending modulatory pathways with its
connections in rostral ventromedial medulla (see chapter 2.8.). Reyffod@snonstrated that
electrial stimulation of the periaqueductal greay produces analgesia in rats undergoing surgery.
Further experiments revealed that local application of opiates to the periaquedugtal gre
produces pain relieve after spared nerve injtify It is well known that glial activation
contributes to development and maintenance of chronic pain after nervelifijutpwever,

most of the experimental studies about glial contribution on pain states were observation
performed in the dorsal horn of the spinal cbiftt’” Therefore, the main idea of our research
was focused on reaction of astrocytes and microglia after chronic constriction injury and
transection of the sciatic nerve in the periaqueductal greay. Our results revealed more extent
activation of astrocytes in periaqueductal grey of in nerve-injured animals when compared with
QDwWYH DQG V HhorPasdd) &sXaBye activation was found on ipsilateral side of
ventrolateral periaqueductal grey than on contralateral side. More robust activation of astrocytes
was found after nerve transection than chronic constriction injury. However, in contrast to

astrocyte activation, microglial cells displayed bilateral activation after nerve ifjimthe
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light of these results, we wanted to answer a question: what is the signaling pathway that
contributes to the glial activation in the periaqueductal grey? One of the candidate signaling
pathway may be the CCL/CCR2 pathway (reviewed in chapter 6.1.) with its ability to recruit
microglial cells to the site of nerve injut$®. Similar to the rostral ventromedial medulla (see
chapter 6.2.1.), we found CCL2 immunoreaction in neurons and astrocytes while the CCR2 was
displayed in OX-42 positive microglial cells. Taken together, our results revealed that
CCL2/CCR?2 signaling is involved in glia-glia and neuron-glia interactions in the descending
modulatory system including tHeVM and the periaqueductal grey after nerve injury related

to chronic pairf (Chapter 12, Article E).
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7. Diencephalon and its reaction to nerve injury

7.1. Thalamus

The thalamus contains the third-order neurons receiving information from the spinal cord about
the pain and temperature via the spinothalamic tract. Therefore, thalamic nuclei play crucial
role in chronic pain development and processing. It has been found that nerve injury induces
decreased neuronal activity in contralateral thalamus in patients with chronic neuropathic pain
178 However, increased spontaneous and mechanically evoked activity of neurons in the ventral
posterolateral nucleus in different neuropathic pain mod&i§® Electrical stimulation of the

ventral posterolateral nucleus alleviate mechanical allodynia in rats after partial sciatic nerve
ligation 8%, Moreover, lesions or block of the intralaminar or the medial thalamic nuclei
attenuated neuropathic pain-like behavior in rats after spared nerve injury. These results suggest

involvement these nuclei in neuropathic pain proces$ig

It has been found that not only neurons but also glia in thalamus contribute to neuropathic pain
development. Increased glial activation in thalamus was found in patients with chronic low back
pain suggesting a role of thalamic glia in neuropathic pain developtfen¥oreover,
increased thalamic activaty was also found in patients after peripheral nerve'ifjdiyese

resuts suggest that thalamus and glia activation @lkgy role in rearrangement of cortical

representational maps.

7.2. Hypothalamus
The hypothalamus receives afferent nociceptive fibers and sends off efferent projections to the
brainstem and the spinal coltf. It has been found that chronic constriction injury induces

decreased expression of substance P and activation of microglia in the hypothalamus suggesting
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their role in development of neuropathic p&in Conversely, stimulation of the posterior part

of the hypothalamus exhibit analgesic effect in animals after chronic constrictionf¥jtft/
Magnocellular part of the paraventricular nucleus and the supraoptic nucleus produce oxytocine
playing physiological role in partuation and milk ejection reflex. However, there is compeling
evidence indicating participation of oxytocine in endogenous analgesia. Electrical stimulation
of the paraventricular and supraoptic nuclei inhibits pain perceptionloreover, intrathecal

injection of oxytocine attenuates nociception after spinal nerve lig&fion

8. Pain processing and modulation in the telencephalon

Painful stimuli are processesed in different areas of the telencephalon including primary and
secondary somatosensory cortices, the insular cortex, the anterior cingulate cortex and the
orbitofrontal cortex. It is believed that primary ad secondary somatosensory cortices play role
in sensory-discriminative aspect of pain. The insular cortex and anterior cingulate cortex are
involved in the affective-emotional aspects of pain and cognitive aspects of pain are associated
with activation of the prefrontal areas. Furthermore, changes in basal ganglia actigigoare

present in painful state&®.

8.1. Basal ganglia
It is well known that basal ganglia are mainly involved in motor functions. However,
experimental and clinical studies revealed also their role in processing of non-noxious and

noxious somatosensory informatitii

The amygdala is formed by group of nuclei that are counted as a part of limbic forebrain system.
Therefore, these nuclei play a role in emotional-affective aspects dfpdimas been reported

that activation of GABA-A receptors in amygdala attenuates affective processing after
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peripheral nerve injury*®’, Spared nerve injury induces neuroplasticity in the amygdala
resulting in increased total volume of amygdalar nuclei. These findings suggest a role of the

amygdala in depressive-like symptoms well known in cases of patients with chroni®pain

Striatum (putamen and the caudate nucleus) and striatal dopamine D2 receptors play a role in
modulation of pain sensation both in clinical conditions and experimental médels
Mircroinjection of dopamine D2 receptor agonist quinpirol attenuates neuropathic
hypersensitivity in spared nerve injury-operated anintfdldn addition, it was demonstrated

that the striatum plays dual role on neuropathic sensitivity in animals after spinal nerve ligature.
$SFWLYDWLRQ RI RiadydnatBEptid ANQ Hawdredulation of dopamine D receptors

reduce hypersensitivity while activation of striatal NMDA receptors promotes hypersensitivity

195

8.2. Anterior cingulate cortex

The anterior cingulate cortex responds to painful stimuli both in humans and afiftriagsng
functional magnetic resonance imagihgvas found that neuronal activity within the anterior
cingulate cortexs increased in chronic pain stat€& Electrical stimulation of the anterior
cingulate cortex produces analgesic effect in rats subjected to spared nerv€inflowever,

nerve injury induces neuronal caspase-dependent apoptosis triggered by NMDA receptor the
anterior cingulate corte¥®. In addition, spared nerve injury causes astrocyte activation which

contributes to painful stafé®.

8.3. Ventrolateral orbitofrontal cortex
The ventrolateral orbitofrontal cortex is involved in sensory integration and pain modulation. It

has connections with the thalamic nucleus submedius, hypothalamus, periagueductal gray and
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RVM 149:200.201 ynctional imaging techniques revealed that the vetrolateral orbitofrontal cortex
is activated in patients with chronic p&if. Block of neuronal activity in the ventrolateral
orbitofrontal region induces attenuation of allodynia and hyperalgesia in animals after spared
nerve injury?°®. Chemical inhibition induced by local application of morphine, GABA or
lidocaine to the ventrolateral orbitofrontal atteraagpain-like behavior in rats after formalin
injection to the hind-pav®*. In addition, increased expression of pro-inflmmatory and pro-
apoptotitic genes correlated with allodynia and hyperalgesia were found after spared nerve

injury 2%,

8.4. Insular cortex

The insular cortex is involved in emotion, cajre functions, motor control as well as
processing and modulation of paffi It receives afferent fibers mainly from the thalamus and
sends efferent fibers to defferent regions including the amygdala, hypothalamus, periagueductal
gray and rostral ventromedial meduf#42% It has been found that regional cerebral blood flow

in the insular cortex correlates with pain experience and noxious stfthatid lesion in the
insular cortex alleviate neuropathic pain-like behavior after sciatic nerve ffurjhere is
growing body of evidence that opioid, GABA and dopamine are key neurotransmitters playing
a role in nociceptive modulation in the insular cof¥x% Local administration of morphine

to the insular cortex induced analgesia in animals after formalin injection to the hirfddpaw
Locally increased presence of GABA produces lasting analgesia by enhancing inhiltiien of
spinal nociceptive neurons. However, activation of GABAceptor-bearing insular neurons
induces hyperalgesia via projection to the amygdHiaMoreover, local application of the
dopamine re-uptake inhibitor to the insular cortex produces inhibition of the spinal nociceptive

neurons and analgesi.
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8.5. Somatosensory cortex

The primary and secondary somatosensory cotices are involved in the sensory-discriminative
aspect of paiR®>?!3 Imaging techniques revealed that painful heat stimuli induced significant
activation of both primary and secondary somatosensory coftitd&ectrical stimulation of

the secondary somatosensory cortex reduced formalin-induced nociceptive behavior in
experimental animalé'®>. Spinal cord injury-induced neuropathic pain causes contralateral
somatosensory cortex reorganization and its amount is dependent on pain iftersihas

been found that modulation of pain perception relates to metabotropic glutamate receptors and

opioid receptors in both primary and secondary somatosensory cétfices
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9. Barriers of the nervous system, their alteration and contritbution to spread of

inflammatory reaction after nerve injury

Barriers of the nervous system pkayessential role in maintening of neural microenvironment.
However, the barriers within the nervous system react during different disases with alteration
of their protective function. In this chapter, | would like to focuse on changes of the nervous
system barriers induced by nerve injury that may play a role in spread of inflamnestciign

alongside the neuroaxis.

9.1. The blood-nerve barrier

The blood-nerve barrier forms interface between the endoneurial compartment, surrounding
tissue and blood. The barrier is loacalized at the innermost layer of the perineurium and
endoneurial microvasculature in the peripheral nerve. The microvessels are continuous
capillaries where the endothelial cells are sealed with tight junctions and covered by the basal

lamina with surrounding pericyté¥.

It has been shown that the blood-nerve barrier is impermeable for large molecules in
physiological conditions. However, the endoneurial microvessels become permeable for
labeled albumin after nerve injury. The main site of the barrier alteration isifodisal stump

of injured nerve undergoing Walerian degenerafitit?® Breakdown of the blood-nerve
barrier after nerve injuris associated with changes of tight junctions proteins, namely claudin-
1, claudin-5, occluding, VE-cadherin and connexir’43However, the alteration of blood-
nerve barrier is only temparawith the highest permeability 7 days after nerve injury and
approximately one month after injury the barrier is reconstittdedhlteration of the blood-

nerve barrier is double-edged sword. On the one hand, it is positive allowing macrophage

invasion to remove myelin debris and regenerate damaged axons. However, on the other hand,
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Wallerian degeneration products may enter blood and thus spread to remote tissue including

the CNS.

9.2. The blood-DRG barrier

The DRG are supplied with fenestrated capillaries with fenestration size between 60 to 80 nm
223 Microvascular density in the dorsal root ganlia is 7 times higher than in peripheral nerve
and nerve roots. It has been found that the highest capillary density within the DRG is present
in the neuronal body-rich aré#. In contrast to axonal compartment of the DRG, the neuronal
body-rich area contains capillaries with high density of tight juncith&Experimental studies

on intact animals revealed penetration of intravenously injected tracers including horseradish
peroxidase, Evans blue albumin and fluorescein to the BR&&’. Therefore, the blood-DRG
barrier is incomplete in physiological conditions and is opened for large molecules mainly
because of fenestrated capillaries (Fig. 4). However, nerve injury induces proliferation of

cagllaries in the DRG forming nests around neurons with damaged?&&on
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Endothe.lial cells DRG ;stroma Endothelilal basal lamina

Figure 4. A simplified scheme of the blood-DRG barriefhe DRG are supplied with
fenestrated capillaries that allow free movement of solutes, molecules and cells between blood

and the DRG stroma (ADetail of the barrier organization on B. SG&satellite glial cells.

9.3. The cerebrospinal fluid-DRG barrier
The barrier between the cerebrospinal fluid and the DRG is formed by meninges, especially

arachnoid that limits subarachnoid space filled with the cerebrospinal fluid, and by capsule of
the DRG. The lateral boarder of the subarachnoid space locatizadsition of the dorsal and
ventral roots and the DRG is called subarachnoid angle. At this place, perineurium of the

peripheral nerve leaves surface of the nerve and runs between the dura mater and arachnoid.
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Microscopic organization of the subarachnoid angle and communication with the peripheral

nerve explains a pathway for spread of inflammation to the €\NS

The arachnoid villi were found in the subarachnoid angle giving anatomical substrate for
communication with the epidural space. These findings may correspond with spread of
anesthetics in epidural anestheSfaln addition, important site for pentration of anesthetics is

the spinal nerve root cuff forming lateral prolongations of the the dura mater and the arachnoid
membrane enclosing spinal nerve roots in their way through the epidural space to the vertebral
formina 23 At this place, layers of leptomeninges fuse together and continue as the
perineurium of peripheral nerves while the dura mater corresponds with the epirée(kim

5).

SA

Figure 5. Schematic drawing of the subarachnoid angle (SA) position with respect to meninges,
spinal nerve roots (ventral ro&ftVR, dorsal root+DR) and the DRG. Dura mater is depicted

in black, arachnoid membrane in green and pia mater in yellow.
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It has been found that the cerebrospinal fluid-DRG barrier is permeable for tracer fluorescein
after its intrathecal injection. Fluorescein was accumulatethe subarachnoid angle and
diffused to the DRG with proximo-distal gradient. Nerve injury induced accumulation of

fluorescein in the neuronal body-rich area of the RG

In our experiments we used intrathecal administration of fluorescent-conjugated dextran
FluoroEmerald EE; MW=10 kDa) to investigate whether the cerebrospinal fluid-DRG barrier

is permeable for molecules of a size of cytokivge found particles oFE in the cells of the

DRG capsule, satellite glial cells, interstitial space, as well as in small and medium-sized
neurons. Penetration of lumbar-injected FE into the cervical DRG was greater than that into the
lumbar DRG after intrathecal injection of FE into the cisterna magoneeover,FE induced

an immune reaction in the DRG with presence of the particles in antigen-presenting cells
(MHC-11+), activated (ED1+) and resident (ED2+) macrophages, and atisatellite glial

cells (GFAP+). Since we fourfE inside the DRG, we wanted to answer a question wheter
there is morphologic background for direct communication of the subarachnoid space with the
DRG. Therefore, we used intrathecal injection of methylene blue and DPP-IV immunostaining
to visualize position of the subarachnoid space and arachnoid in relation to the DRG. The
subarachnoid space delimited by the arachnoid mater was extended up to the capsule of DRG
in a fold-like recess and reamhapproximately half of the DRG length. The arachnoid was
found in direct contact to the neuronal body-rich area in the angle between dorsal root and DRG
as well as between spinal nerve roots at DRG. Our results clearly demonstrated direct
communication between the DRG and cerebrospinal fluid that can create another pathway for
possible propagation of inflammatory and signaling molecules from DRG primary affected by

peripheral nerve injury into DRG of remote spinal segm&(@hapter 12, Article F).
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9.4. Blood-brain and blood-spinal cord barrier

Both the blood-brain barrier and the blood-spinal cord barrier are composed of continuous type
of microvessels. The endhotelia are sealed with tight juctions, enveloped by the basal lamina
with surrounding pericytes and atrocytic end-fé&tsCompared to the blood-nerve barrier, the
complex of the endothelia/basal lamina/pericytes is surrounded by the second basal lamina

called glia limitans perivascularf$®234(Fig. 6).

The main component of these barriers are endothelial tight junctions composed of several
proteins including occludin, many subtypes of claudins, zonulins. Claudins and occludin are
the main transmembrane molecules mediating the epithelial cétta@tcludin is a tetraspan
integral protein of tight junctions that is functionally important for barrier funéfidf?’ There

is an evidence that occludin seals the tight junctions because its downregulation leads to
disruption of tight junction permeabilityf®. Claudins form a large family of membrane proteins

that have four transmembrane domains forming several subgroups. It has been found that the
brain endothelial cells express claudin 1, 3 aAti8*. Zonulin (ZO) is the cytoplasmic protein
associated with transmembrane proteins. The blood-brain endothelia displays positivity for ZO-
1, ZO-2 and ZO-3?'. Integrity of the blood-brain barrier after peripheral nerve injury was
assessed using intravenous injection of Evans blue albumin and horseradish peroxidase.
Chronic constriction injury, sciatic nerve transection as well as electrical stimulation of
peripheral nerve induced increased permeability of the blood-brain barrier. Interestingly,
increased permeability can be prevented by injecting local anesthetic lidocaine todhthsite

nerve injury or prior to electrical stimulatiaf?.

Tight junctions of the blood-spinal cord barrier are mainly constituted of occludin, claudin-1
and -5 as well as ZO-1. In contrast to the blood-brain barrier, the blood-spinal cord barrier is
more permeable for cytokines and tracers. Increased permeability would be explain by lower

level of occludin and ZO-1 as well as less number of pericytes in comparison with the brain
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243244 1t has been found that peripheral nerve injury induces opening of the blood-spinal cord

barrier for small and large molecules associated with down-regulation of ZO-1 and &audin-

244

Interaction of astrocytes and endothelia plays a key role in correct function of the blood-brain
and the blood-spinal cord barrier. The astrocytes are capable to secret humoral agents that might
increase permeability of the blood-brain barrier e.g. endothelin-1, glutamate, IL-6, TNF-

0 -3, nitric oxide?*>2%¢ However, role of astrocytes in regulation of the blood-brain barrier

permeability after peripheral nerve injury is still unclear.
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Figure 6. A simplified scheme of anatomical organization (A) and detail (B) of the blood-
brain barrie?'®, The endothelial cells (light blue) are linked with tight junctions (cross-links)
and embedded together with pericytes in basal lamina (purple). The second basal lamina

(pink; glia limitans perivascularis) serves for attachment of astrocytic end-feets and surrounds
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the complex of endothelia, pericytes and the first basal lamina. Glia limitans perivascularis

and the first basal lamiranit the perivascular space.

9.5. Blood-cerebrospinal fluid barrier

The blood-cerebrospinal fluid barrierlocalized in the choroid plexus of brain ventricles that

is epithelio-endothelial convolute composed of highly vascularized core, connective tissue
stroma and epithelial cel&’#4° (Fig. 7). The vascularized core is formed by fenestrated
capillaries with fenestrations ranged from 60 to 80 nm and is surrounded by connective tissue
stroma with immune cells. They were recognized as resident (ED2+) and activated (ED1+)
macrophages expressing major histocompatibility complex class Il antigen as well as dendritic
OX 62+ cell?®*?51 The ventricular side of the of stroma is covered by a single layer of cuboidal
epithelial cell$*"248 Epiplexus (Kolmer) cells adhere on the ventricular side of epithelial cells
252 Kolmer cells have a various shape from cells with fibrous processes radiating from the
centrally located cell body to cells with a few pseudopod-like processes. These eelibiligy

to phagocyte and they seem to be a scaverigete cerebrospinal fluid®® There is an
evidence that the choroid plexus support trafficking of leukocytes to the cerebrospirfiuid

257_

The major role for regulation of the blood-cerebrospinal fluid barrier permeability play the
apical tight junctions of cuboid cells responsible for regulation of paracellular diffusion of water
soluble molecule$®*2%8 Tight junctions are composed of proteins associated with the cellular
membrane®®. The first described integral protein of tight junctionshe cuboidal cells of
choroid plexus was occludfi*?%2 In addition, the choroid plexus epithelial cells express also
claudin-1-6, 9-12, 19, 229262.2633nd Zo proteins, Z02§42%5 70-2266:267and Z0-3?%82%%that

bind occludin and claudin to actin filameRt&2"1
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It has been found that the choroid plexus plays a key role in pathophysiology of many disorders
including inflammatory, neurodegenerative, infectious, traumatic, nemplastl systemic
disease$*’:2’2 However, it is unknown whether barrier function of the chorid plexus is altered
after nerve injury. Therefore, we focused on cellular changes of the choroid plexus after
peripheral nerve injury. We used ED1 and ED2 immunostaining to investigate epiplexus cell
changes in rat choroid plexus after chronic constriction injury and sham-operated animals in
FRPSDULVRQ ZLWK WKH FKRURLMMZE Bund figruficantly Qnbrea¥dd D QL P
numbers of ED1+ cells in the choroid plexus of sham-operated rats in all periods of survival
ZKHQ FRPSDUHG ZL Whie @h® mumber DfEDPHI@r¢ased only at 3 days from
operation. However, the number of ED1+ and ED2+ cells in the epiplexus position increased
gradually with the duration of nerve compression. We detected no or negligible cell
proliferation in the choroid plexus after sham- or nerve injury operation. This suggests that
increased number of ED1+ and ED2+ cells in the epiplexus position of the choroid plexus is
derived from peripheral monocytes passing through altered lecebrospinal fluid barrier.

The changes in epiplexus cells indicate that the choroid plexus reacts to tissue injury after the
surgical approach itself and that the response to peripheral nerve lesion is greater. This suggests
a role for an altered blood-cerebrospinal fluid barrier allowing propagation of signal molecules

produced by damaged tissue and nerve to the QRBapter 12, Article G).
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Figure 7.Scheme of anatomical organization (A) and detail (B) of the blood-cerebrospinal fluid
barrier. The blood-cerebrospinal is localized in the choroid plexus of the brain ventricles
composed of fenestrated capillaries surrounded with connective tissue stroma and and cuboidal
epithelial cells with adhering Kolmer cells (A). The main site of the barrier is on the level of

the cuboidal epithelial cells that are linked by tight junctions.
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10. Conclusions and future perspectives

My habilitation thesis integrates important findings in the field of spread of inflammatory
reaction after nerve injury to the CNS. Spread of inflammatory response from the site of injury

PD\ KDSSHQ YLD WZR SDWKZzZD\V RU -WKBHU SFRRPEZDD WRRQW
transsynaptic spread via sensory pathway to the the centers of the ENFRQ GOQHYAL' UH
pathway involve spread of pro-inflammatory cytokines and chemokines via blood stream or
cerebrospinal fluid. This pathway represemhy main research direction emphasizing
generalized reaction of the nervous system on peripheral nerve injury. This reaction may play
important role not only in neuropathic pain induction but also in nerve regeneration after nerve
injury. However, the full range of mechanisms and reasons of generalized raction of nervous

system still remains to be elucidated.

In summarywe provided the first evidence that:

x Peripheral nerve injury induces activation of STAT3 bilaterally in the DRG neurons of
both lumbar and cervical spinal cord segments.

X IL-6 released to the subarachnoid space has ability to penetrate to the DRG and activate
STAT3.

x Intrathecal application of CD200 fusion protein has ability to attenuate gliosis and
inflammatory reaction in the spinal cord after peripheral nerve injury.

X CD200 fusion protein induces rapid but temporary suppression of mechanical allodynia
and thermal hyperalgesia in neuropathic pain model.

x Peripheral nerve injury induces pro-regenarative state in primary sensory neurons non-
associated with injured nerve.

x IL-6 signaling pathway plays a key role in activating the pro-regenerative state in the

DRG non-associated with injured nerve.
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X Peripheral nerve injury induces activation of astrocytes and microglia in the
periagueductal gray and the rostral ventromedial medulla.

X Microglial activation in the the periaqueductal gray and the rostral ventromedial
medulla following nerve injury is mediated via CCR2 due to neuronal as well as
astrocytal release of CCL2.

X Subarachnoid space reaches the dorsal root ganglion as a fold-like recess that gives
anatomical background for changes of molecules between the dorsal root ganglion and
the cerebrospinal fluid.

x Intrathecal application of the fluorescence-conjugated dextr&npenetrates to the
DRG and induces immune reaction.

x Peipheral nerve induces cellular changes in the choroid plexus represented by increased
number of activated and resident macrophages in the epiplexus position.

X Not only nerve injury but also surgical approach itself induces cellular changes in the

choroid plexus.

In future research, |1 would like to continue with experiments focused on changes of the blood-
cerebrospinal fluid barrier after nerve injury emphasizing role of tight junctions. Moreover, the
choroid plexus seems to be candidate structure of CNS suitable for gene manipulation. This

would allow manipulation with choroid plexus permeability rate or secretory function.

In addition, | would like to continue with electrophysiological experiments of ex vivo model of
skin and preserved nerve. | learned this model in the lab of prof. Christopher Honda during my

Fulbright scholarship at the University of Minnesota.
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Abstract

Unilateral sciatic nerve compression (SNC) or complete sciatic nerve transection (CSNT), both varying degrees of nerve
injury, induced activation of STAT3 bilaterally in the dorsal root ganglia (DRG) neurons of lumbar (L4-L5) as well as cervical
(C6—CB8) spinal cord segments. STAT3 activation was by phosphorylation at the tyrosine-705 (Y705) and serine-727 (S727)
positions and was followed by their nuclear translocation. This is the rst evidence of STAT3(S727) activation together with
the well-known activation of STAT3(Y705) in primary sensory neurons upon peripheral nerve injury. Bilateral activation of
STAT3 in DRG neurons of spinal segments anatomically both associated as well as non-associated with the injured nerve
indicates di usion of STAT3 activation inducers along the spinal cord. Increased levels of IL-6 protein in the CSF following
nerve injury as well as activation and nuclear translocation of STAT3 in DRG after intrathecal injection of IL-6 shows that
this cytokine, released into the subarachnoid space can penetiafe@he activate STAT3. Previous results on increased
bilateral IL-6 synthesis and the present manifestation of STAT3 activation in remote DRG following unilateral sciatic nerve
injury may re ect a systemic reaction of the DRG neurons to nerve injury.

KeywordsDorsal root ganglia - Neuroin ammation - Systemic reaction - Peripheral nerve injury

Introduction injury. While injury to peripheral axonal branches results in
profound molecular alterations involving activation of trans
Primary sensory neurons with their cell bodies in the dorsébrming factors (Patodia and Raivigd12, no such changes
root ganglia (DRG) sendo peripheral and central brancheare induced after intraspinal injury of central branches of
of a erent axons that display di erent responses to neuronah erent axons (Schwaiger et £000).

In response to unilateral sciatic nerve injury, protein and

MRNA levels of IL-6 and its receptors were enhanced-bilat

Petr Dubovy
pdubovy@med.muni.cz

Ivana Hradilova-Svi enska
isvizen@med.muni.cz

llona Klusakova
iklusak@med.muni.cz

Viktoria KokoSova
435583@mail.muni.cz

Véclav Brazda
vabdna@gmail.com

Marek Joukal
mjoukal@med.muni.cz

Department of Anatomy, Cellular and Molecular Research
Group, Faculty of Medicine, Masaryk University, Kamenice
3, Brno 62500, Czech Republic

Published online: 28 February 2018

erally in primary sensory neurons not only in DRG of{um
bar segments (L4-L5) associated with the injury, but also in
cervical segments (C7—C8) not associated with the injured
nerve (Dubovy et aR013 Brazda et al2013. Upon bind

ing to its speci c membrane-bound receptor (IL-6R), IL-6
brings together the intracellular regions of gp130 to initiate
a signal transduction cascade via activation of signal-trans
ducer and activator of transcription 3 (STAT3) (Aaronson
and Horvath2002 Eulenfeld et al2012. Activation of
STAT3 is by JAK2-dependent phosphorylation at the tyros
ine-705 (Y705), and JAK2-independent phosphorylation
mediated by mitogen-activated protein kinases (MAPKSs)
at the serine-727 (S727) position (Aaronson and Horvath
2002. Activation of STAT3 by phosphorylation at the Y705
position occurs in DRG neurons very early after a nerve
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lesion and is mediated by neuropoietic cytokines includingight sciatic nerve of sham-operated rats 8) was care

IL-6 (Miao et al.2006 Schwaiger et aR00Q Sheu et al. fully exposed without any lesion. All operated and sham-

2000 Qiu et al.2009 and neurotrophins (Pellegrino and operated rats were left to survive for 7 days. Eight other rats

Habecker2013 Ng et al.20068. Phosphorylated STAT3 without any surgical treatment were used as naive control.

dimers translocate to the nucleus and initiate transcription

of target genes (Tad96 Eulenfeld et al2012). Quantitative immunohistochemical analysis

Activated STAT3 is a molecular mediator of IL-6 signal

ing, but it is not yet known if STAT3 is also activated bilater Naive, sham-, SNC- and CSNT-operated nats4 for each

ally in both lumbar and cervical DRG neurons after unilatgroup) were deeply anesthetized with a lethal dose of sodium

eral sciatic nerve injury. Thus far, only activation of STAT3pentobarbital (70 mg/kg body weight, i.p.) and perfused

by phosphorylation at the Y705 position has been detected transcardially with 500 ml phosphate-bu ered saline (PBS,

DRG neurons associated with injured nerve (Schwaiger et d0 mM sodium phosphate bu er, pH 7.4, containing 0.15 M

200Q Sheu et al200Q Qiu et al.2005. The goal of our NacCl) followed by 500 ml of Zamboni's xative (Zamboni

present experiments was, therefore, to investigate activatiamd Demartiri967). The L4-L5 and C6—C8 DRG from both

of STAT3 by monitoring phosphorylation at both the Y705sides were detected within their intervertebral foramina fol

and the S727 positions in DRG neurons associated and dowing total laminectomy and foraminotomy. The DRG

associated with unilateral sciatic nerve injury. To explore ifvere removed, immersed separately in Zamboni’'s xative at

the IL-6 produced and released by lumbar DRG a ected by °C overnight, and then divided into samples of ipsilateral

sciatic nerve injury can induce activation of STAT3 in-cer (L-DRGi) and contralateral (L-DRGc) lumbar DRG as lwel

vical DRG through cerebrospinal uid of the subarachnoidas ipsilateral (C-DRGi) and contralateral (C-DRGc) cervical

space, we analyzed activation and nuclear transtocaf DRG separately for each group of rats (naive, sham-, SNC-,

STAT3(Y705) and STAT3(S727) in DRG after intrathecaland CSNT-operated). The DRG samples were washed in

IL-6 delivery. 20% phosphate-bu ered sucrose for 12 h, blocked in Tissue-
Tek® OCT compound (Miles, Elkhart, IN) and cut to{pre
pare serial longitudinal cryostat sections (12 um). The DRG

Materials and methods sections were mounted on chrome-alum covered slides and
processed for indirect immunohistochemical staining.
Animals and surgical treatment Brie y, DRG sections of lumbar and cervical segments

of naive, sham-, SNC- and CSNT-operated rats were fmmu

The experiments were performed in 32 adult mals ratnostained simultaneously under the same conditions. Sec
(Wistar, 250-280 g, Anlab, Brno, Czech Republic) housetions were washed with PBS containing 0.05% Tween 20
in 12 h light/dark cycles at a temperature of 22—-24 °C undgPBS-T) and 1% bovine serum albumin (BSA) for 10 min,
speci ¢ pathogen-free conditions in the animal housingreated with 5% normal donkey serum in PBS-T for 30 min,
facility of Masaryk University. Sterilized standard rodentthen incubated with 25 pul of rabbit polyclonal antibody
food and water were available ad libitum. All experimentalgainst STAT3(Y705) (1:100; Santa Cruz, USA) or iabb
procedures were carried out under sterile conditions by tigolyclonal antibody against STAT3(S727) (1:200; Abcam,
same person according to protocols approved by the AnimBISA) in a humid chamber at room temperature (21-23 °C)
Investigation Committee of the Faculty of Medicine, Brno,for 12 h. The immunohistochemical reaction was visual
Czech Republic. All surgical procedures were performedzed using TRITC-conjugated and a nity-puri ed donkey
under anesthesia using a mixture of ketamine (40 mg/mnti-rabbit secondary antibody (1:100; Millipore, USA)
and xylazine (4 mg/ml) administered intraperitoneallyfor 90 min at room temperature. The control sections were
(0.2 ml/100 g body weight). incubated either without the primary STAT3(Y705) or

The right sciatic nerve was exposed in the mid-thighSTAT3(S727) antibodies or by substituting the primary
ligated using 2 ligatures and cut with a pair of sharp- scisantibodies with the donkey IgG isotype. The sections were
sors (complete sciatic nerve transection, CaNg8). The  stained with Hoechst 33,342 to detect cell nuclei, mounted
proximal nerve stump was buried and xed in muscles tan aqueous mounting medium (Vectashield; Vector Labora
shield the distal stump from reinnervation. Alternatiyely tories, USA) and analyzed using an epi uorescence micro
a longitudinally slit 2-mm silicone tube of 1 mm internal scope (Nikon Eclipse) equipped with a Nikon DS-Ril eam
diameter was placed around the right sciatic nerve of ratya (Nikon, Prague, Czech Republic) and a stabilized power
to reduce nerve diameter (sciatic nerve constriction, SNGupply for the lamp housing.
n=28) (Schmid et al2013. The tube was tied in place with  The STAT3(Y705) and STAT3(S727) immuno uores
a sterile thread and closed to prevent the tube from openingence intensities in the nuclei of DRG neurons were meas
The muscles and skin were closed with 5/0 sutures. Theed using the NIS-Elements image analysis system (Nikon,
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Czech Republic) according to our previously publishedgainst STAT3(Y705) (1:100; Santa Cruz, USA), rabbit
protocols (Dubovy et aR002 2013. At least 200 nuclei polyclonal antibody against STAT3(S727) (1:200; Abcam,
of DRG neuronal pro les were measured for each animaUSA) or mouse monoclonal antibody against STAT3
group. The immuno uorescence intensities were expressgd:1000; Cell Signaling, UK) overnight. After washing in

as mean intensities + SD. PBST, blots were incubated with peroxidase-conjugated
anti-rabbit or anti-mouse IgG (1:1000; Sigma, USA) at room
Double immunostaining temperature for 1 h. Protein bands were visualized using

the ECL detection kit (Amersham, USA) on the chemit

A portion of the sections was incubated with a mixture (1:1hometer reader LAS-3000 (Fuji, Japan) and analyzed using
of rabbit STAT3(Y705) polyclonal antibody (1:100; Santaimage densitometry software. The levels of proteins were
Cruz, USA) and mouse monoclonal antibody against ATF8ormalized to the value of naive lumbar and cervical DRG
(1:100; Santa Cruz, USA) as a marker of axotomized newvhich were arbitrarily set to one.
rons (Tsujino et aR000. Another portion of DRG sections
was incubated with mouse monoclonal (1:150, Acris, USA)
or rabbit polyclonal antibody (1:200; Abcam, USA) againstQuantitative assay of IL-6 protein
STAT3(S727) and rabbit monoclonal anti-Rab7 antibodyn the cerebrospinal uid
(1:100, Cell Signaling Technology, The Netherlands) or
mouse monoclonal anti-EEA antibody (1:50, Santa Cruz\aive rats and those subjected to SNC or sham-operation
USA) to detect STAT3(S727) in late or early endosomedpr 7 days (=6 for each group) were sacri ced by GO
respectively. inhalation. Samples of the cerebrospinal uid (CSF) were

A mixture (1:1) of a nity puri ed TRITC-conjugated obtained by puncture of the cisterna magna and collected
donkey anti-rabbit and FITC-conjugated donkey anti-mousito tubes and stored at 80 °C until analysis; care was
secondary antibodies (1:100; Millipore) was applied at roontaken to avoid blood contamination. The total protein-con
temperature for 90 min. Control sections were incubatedentration was measured by Nanodrop ND-1000 (Thermo

without individual primary antibodies. Scienti c) and the level of IL-6 protein was assessed by
Quantibody® Rat In ammation Array 1 (RayBiotech,
Western blot analysis GA, USA) according to the manufacturer’s instructions.

Each sample collected from the individual groups of ani
To validate the STAT3(Y705) and STAT3(S727) levels inmals was measured in quadruplicate and the data were
DRG neurons obtained by quantitative immunohistochemiexpressed as mean + SEM of IL-6 protein (pg per ml of
cal analysis, protein levels were analyzed by Western blot. I@SF or per ug of total protein).
addition, total non-phosphorylated STAT3 protein was guan
ti ed. The naive rats, sham-, SNC- and CSNT-operated rats
(n=6 for each group) were deeply anesthetized with a lethahtrathecal IL-6 administration
dose of sodium pentobarbital (70 mg/kg body weight, i.p.)
and DRG of both sides were removed under aseptic condRats were anesthetized using a mixture of ketamine (40 mg/
tions, washed in protease and phosphatase inhibitor cocktaild) and xylazine (4 mg/ml) administered intraperitoheal
(both Roche, Germany), fast frozen in liquid nitrogen and0.2 ml/100 g body weight). IL-6 protein (R&D Systems)
stored at 80 °C until analyzed further. The DRG of lumbarwas dissolved in arti cial cerebrospinal uid (ACSF; Hylden
(L4-L5) and cervical (C6—C8) segments were sepdiiate  and Wilcox1980 at 20 ng/10 ul concentration. Solution of
samples of ipsilateral (L-DRGi) and contralateral (L-DRGc)IL-6 (10 pl) or ACSF (10 pul) with a further 10 pl ACSF was
lumbar DRG as well as ipsilateral (C-DRGi) and contralatinjected via a micro syringe into the subarachnoid space
eral (C-DRGc) cervical DRG for each group of rats (naiveof the cisterna magna (cervical=4) or between L2-L3
sham-, SNC- and CSNT-operated). The DRG samples wevertebrae (lumban=4). Animals were sacri ced in CO
homogenized in PBS containing 0.1% Triton X-100 andénd perfused transcardially with Zamboni’s xative solution
cocktails of protease and phosphatase inhibitors (Roch&amboni and Demartin.C 1967). Lumbar (L4-L5) and cer
Germany) and centrifuged at 10,000 g for 5 min at 4 °Cvical (C6—C8) DRG were removed following laminectomy
Proteins were separated by SDS—polyacrylamide gel eleand foraminotomy, immersed in the Zamboni’s xative ever
trophoresis (Brazda et @006 and transferred to nitrocel night and longitudinal cryostat sections (12 pum) were pre
lulose membranes by electroblotting (BioRad). Blots wergared. Activation and nuclear translocation of STAT3(Y705)
blocked using 1% BSA in PBST (3.2 mMJN®O,, 0.5 mM  and STAT3(S727) were detected and evaluated using image
KH,PQ,, 1.3 mM KCI, 135 mM NaCl, 0.05% Tween 20, pH analysis of immuno uorescence staining.
7.4) for 1 h and incubated with rabbit polyclonatibady
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Statistical analyses

The Mann—-Whitney test was used to assess statistical dif
ferences in the data of immuno uorescence intensities ar
western blot analysis between naive DRG neurons and DF
neurons of sham-operated rats or DRG neurons after scia
nerve injury. Statistical signi cance was considered to b
indicated by & value of <0.05. All statistical analyses were
performed using STATISTICA 9.0 software (StatSoft, Inc., L4-DRGi
USA).

Results

Lumbar and cervical DRG neurons from naive rats displaye
very low intensity of STAT3(Y705) immuno uorescence in
both nuclei and the cytoplasm (Fig). The neuronal nuclei
of both lumbar and cervical segments revealed a signi car
increase in STAT3(Y705) intensity after sham-operatior
compared to naive rats (Fith; Tablel). In comparison to
DRG from naive and sham-operated rats, a marked intens
of STAT3(Y705) immuno uorescence was induced bilater
ally in the nuclei of lumbar and cervical DRG neurons afte
both SNC and CSNT (Fid.c—j; Tablel). In addition, the CSNT7D L4-DRGi | CSNT7D L4-DRGc
cytoplasm of some small- and medium-sized DRG neuror
showed a di use immuno uorescence after both types o e
sciatic nerve injury (Figlc—j). A moderate STAT3(Y705)
immuno uorescence was induced in the satellite glial cell
surrounding mainly large-sized neurons as was describg¢
previously (Dubovy et aR010. We observed STAT3(Y705)
immunostaining also in the plasma membrane of large- ar
medium-sized DRG neurons and their satellite glial cell:
(Figs.1c, d, i, j,5¢, d).

The nuclei of DRG neurons of both lumbar and cervi
cal segments removed from naive and sham-operated ri
displayed a moderate intensity of STAT3(S727) immuno
uorescence with signi cantly higher levels in the neuronal
nuclei of DRG from sham-operated rats (g, b; Table2).
The intensity of STAT3(S727) immuno uorescence was
signi cantly increased in neuronal nuclei 7 days after bottFig. 1 Representative pictures of cryostat sections through the dor-

SNC and CSNT in comparison to sham-operated controFé" root ganglia (DRG) from naive (Naive), sham-operated (Sham)
rats and rats with unilateral sciatic nerve compression (SNC) or

(Fig. 2c—j; Table2). In contrast to STAT3(Y705) immu complete sciatic nerve transection (CSNT) for 7 days. The sec-
nostaining results, the nuclei of DRG neurons of both lumtions of ipsilateral and contralateral DRG of the L4 spinal segment
bar and cervical segments displayed a higher intensity O4-DRGI, L4-DRGc) as well as ipsilateral and contralateral DRG of
STAT3(S727) immuno uorescence in the ipsilateral thari?® C7 spinal segment (C7-DRGi, C7-DRGC) were incubated under
. . o . the same conditions with rabbit polyclonal antibody recognizing

contralateral side after CSNT, while the bilatem&nsity of  g1AT3 phosphorylated in the Y705 position. In contrast to DRG of
immunostaining following SNC was similar in the neuronalnaive and sham-operated rat b), bilateral activation and nuclear
nuclei (Table2). translocation of STAT3Y705 was detected in the neurons of both

No apparent di erence in the pattern of nuclear immu -4- @nd C7-DRG 7 days after unilateral SNC or CSKH)( Along

L with immunostained nuclei, a di use immuno uorescence was found
nostaining for STAT3(Y705) and STAT3(S727) wasjj the cytoplasm of medium- and small-sized neuronal bodies (long
observed between DRG of lumbar and cervical segmenisrows). In addition, STAT3(Y705) immunostaining was observed in
in reaction to SNC and CSNT, even though only a part dghe plasma membrane of large- and medium-sized DRG neurons and

the neurons (about 20%) of ipsilateral lumbar DRG WerE_‘heir satellite glial cells (arrowheads,d, i, j). Scale bars: 50 um

SNC7D C7-DRGi C7-DRGc

CSNT7D C7-DRGi | CSNT7D C7-DRGc
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Table 1 Results of STAT3(Y705) immuno uorescence intensity
measured in the neuronal nuclei of lumbar (L-DRG) and cervica
(C-DRG) dorsal root ganglia of naive rats (Naive), ipsilateral (i) anc
contralateral (c) to sham-operation (Sham) and sciatic nerve compre
sion (SNC) or complete sciatic nerve transection (CSNT) for 7 day
(n=6 for each group)

L-DRGi L-DRGc C-DRGi C-DRGc
SNC  27.1+6.0% 33.3+3.9% 246+7.3% 252+6.1%
CSNT 225+4.0% 295+58% 2524419 28.7+4.3% L4-DRGi
Sham 125+2% 12.7+1.3  132+26 13.9+2.P

Naive  7.6%+1.3 8.7+1.7

aSigni cant di erence <0.05) compared to Naive
bSigni cant di erence p<0.05) compared to the ipsilateral side
*Signi cant di erence (p<0.05) compared to Sham

C7-DRGi C7-DRGc

simultaneously immunopositive for ATF3 - a marker of axor
injury following SNC (Fig.3a, b).

Besides nuclear translocation of STAT3(S727), the
immunoreaction corresponding to the activated form o
STAT3 was observed in vesicular structures in the cytoplas
of DRG neurons of both lumbar and cervical segments aft
SNC and CSNT (Fig2). Double immunostaining with
mouse monoclonal STAT3(S727) and rabbit monoclone e Yiwds) L4-DRGi | CSNT7D
Rab7 antibodies revealed activated STAT3 (phosphorylate
at the S727 position) in late endosomes (Boxe). How
ever, no double immuno uorescence was observed whe
the DRG sections were immunostained simultaneously wit
STAT3(S727) antibody and antibody against the early-endt
somal antigen EEA (data not shown).

To verify the results of bilateral STAT3 activation in DRG
neurons of both lumbar and cervical segments after unila
eral sciatic nerve injury, STAT3(Y705) and STAT3(S727)
protein levels were analyzed by Western blot. STAT3(Y705
protein levels were increased bilaterally in both lumbar an
cervical DRG 7 days after unilateral SNC and CSNT whel
compared with controls from naive or sham-operated rat
Only SNC induced a signi cantly higher STAT3(Y 700
tein level in the ipsilateral rather than contralateral lumbar
DRG, while cervical DRG of the same animals as well a§ig. 2 Representative pictures of cryostat sections through the dorsal

both lumbar and cervical DRG after CSNT revealed bilatef0t ganglia (DRG) showing immuno uorescence staining of acti-
ally similar protein levels (Figta) vated STAT3 by phosphorylation in the S727 position and its nuclear

. o translocation. The DRG were from naive (Naive), sham-operated
Protein levels of STAT3(S727) were also signi cantly (Sham) rats and rats with unilateral sciatic nerve compression (SNC)

increased in cervical and lumbar DRG of both sides aftesr complete sciatic nerve transection (CSNT) for 7 days. The sections

SNC and CSNT in comparison to controls from naive off ipsilateral and contralateral L4-DRG (L4-DRGi, L4-DRGc) as well

- . as ipsilateral and contralateral C7-DRG (C7-DRGi, C7-DRGc) were
sham-operated rats. In contrast to di erenc‘?s between IPShcubated under the same conditions with rabbit polyclonal antibody
lateral and contralateral lumbar and cervical DRG aftegpecic to STAT3 phosphorylated at the S727 position. Scale bars:
CSNT in STAT3(S727) as measured by image analysis, ri® pm
di erences in whole STAT3(S727) protein levels were found

by Western blot analysis (Figb).

CSNT7D C7-DRGi | CSNT7D
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Table 2Results of STAT3(S727) immuno uorescence intensity IL-6 protein in the cerebrospinal uid
measured in the neuronal nuclei of lumbar (L-DRG) and cervical

(C-DRG) dorsal root ganglia of naive rats (Naive), ipsilateral (i) an . .

contralateral (c) to sham-operation (Sham) and sciatic nerve comprgghe levels of IL-6 protein in C_SF of naive and sham-oper
sion (SNC) or complete sciatic nerve transection (CSNT) for 7 dayated rats were undetectable with the method used, but IL-6
(n=6 for each group) protein was increased to 450.8+ 142.3 or 4331.8+ 132.3 pg/

L-DRGi L-DRGC C-DRGi C-DRGe Kg total protein in rats with unilateral sciatic nerve injury.

SNC  19.2£2.9% 225+42% 107+35% 188%3.2° E ect of intrathecal IL-6 injection on STAT3
CSNT  181£23% 159%20% 19.6+3.1% 164+17%  gctivation and nuclear translocation in DRG neurons
Sham 135+18% 13.7x2.8 15218  146+26
Naive ~ 11.8+1.5 11.7£1.7 Activation of STAT3 is implicated in the IL-6 signaling
pathway. We, therefore, tested the nuclear translocation of
activated STAT3 in the DRG neurons of both lumbar and
cervical segments following intrathecal injection of IL-6. In
comparison to ACSF injection (Figa, b, e, f), intrathecal
application of IL-6 resulted in increased immunostaining for
In contrast to STAT3(Y705) or STAT3(S727), protein STAT3(Y705) (Fig5 c, d) and STAT3(S727) (Figg, h) in
levels of total STAT3 recognized by antibody against nonneuronal DRG nuclei of both lumbar and cervical segments.
phosphorylated domains did not change in any DRG dfhese results demonstrate the activation and nuclear trans
naive, sham-, SNC- or CSNT-operated rats (F@). location of STAT3 by IL-6 di using from the CSF in the
subarachnoid space along the spinal cord into DRG. No sig
ni cant di erences were observed in nuclear translocation of

aSigni cant di erence <0.05) compared to Naive
bSigni cant di erence p<0.05) compared to the contralateral side
*Signi cant di erence (p<0.05) compared to Sham

Fig. 3a, b A cryostat section through the L4-DRG ipsilateral to ron ipsilateral to SNC for 7 days following double immunostaining
SNC after double immunostaining for STAT3(Y705) (red) and ATF3for detection of STAT3(S727) by mouse monoclonal antibody (red,
(green). Merged red and green immuno uoresceagénflicates that ¢) and Rab7 by rabbit monoclonal antibody (greghwith Hoe-

only a portion of the neuronal nuclei displayed both STAT3(Y705)chst staining of nuclei (blue). Merged immuno uorescergeir(di-

and ATF3 immunostaining (arrows) while rest are labeled only bycates that STAT3(S727) is localized in late endosomes (arrowheads)
STAT3(Y705) immuno uorescence and they did not express ATF3 abesides the neuronal nucleus. Scale bars: 50 pm, for20 pm for

a marker of axon injury. The nuclei of the same section were stainede

with Hoechst If). c—e A cryostat section through the L4-DRG neu-
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STAT3(Y) | ™= == b cm sun e - = o — " — —— STAT3(S) T — — — — — —— —— —
ACHN | e e o w— —— D - —— ——— N — —— ACHIN | - w— - — —— D —— — —— N — — —
DRG L C LiLec Ci Cc Li Lec Ci Cc Li Lc Ci Cc DRG L C Li Lc Ci Cc Li Lc Ci Cc Li Lc Ci Cc

Naive SNC CSNT sham Naive SNC CSNT sham
3 3
2 2 *T %t *t et ket = T oy
1 1
0
L C Li Lc Ci Cc Li Lc Ci Cc Li Lc Ci Cc L C Li Lc Ci Cc Li Lc Ci Cc Li Lc Ci Cc
Naive SNC CSNT sham Naive SNC CSNT sham

ACHN | e e - —— — - — —— — —— —

DRG L C Li Lc Ci Cc Li Lc Ci Cc Li Lc Ci Cc

Naive SNC CSNT sham

L C Li Lc Ci Cc Li Lc Ci Cc Li Lc Ci Cc

Naive SNC CSNT sham

Fig. 4 Results of Western blot analysis of STAT3¥),(STAT3S naive rats and 6 rats for each period of survival. Equal loading of pro-
(b) and STAT3 €) protein levels in DRG of L4-L5I and C6-C8 teins was con rmed by actin levels (Actin). Lower panels show den-
(c) segments removed from ipsilateral (i) and contralateral (c) sidesitometry of individual STAT3Y, STAT3S and STAT3 protein bands
of Naive as well as sham-, SNC- and CSNT-operated rats for 7 dayafter normalization to actin; the intensities of the STAT3Y, STAT3S
Upper panels illustrate representative Western blots of DRG from &nd STAT3 bands from naive DRG were taken as 1

activated STAT3 between IL-6 delivery into CSF of cisterna We showed earlier that unilateral sciatic nerve injury can

magna or lumbar spinal cord segments. induce increased levels of IL-6 protein and mMRNA bilater
ally not only in DRG neurons associated with L4-L5 spinal
cord segments but also in remote DRG of cervical segments

Discussion (Dubovy et al2013. A similar bilateral increase of IL6R pro
tein and mRNA was detected in DRG after SNC (Brazda et al.

DRG neurons with the peripheral branches of their a er2013. Therefore, a similar pattern of STAT3 activation was

ent axons in the peripheral nerve are frequently used as expected following unilateral SNC or CSNT.

in vivo model to study molecular mechanisms of neuronal

reaction to injury. Nerve lesion injury of peripheral axonal

branches induces upregulation of IL-6 and activation of

STATS3 in the corresponding DRG (Dubovy et 2013

Miao et al.2006 Murphy et al.19993.
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2007 Bareyre et al2011). We present here, for the rst
time, activation of STAT3 also at the S727 position with
the subsequent nuclear translocation in DRG neurons after
two types of sciatic nerve injury. The coincident activation
of STAT3 in the Y705 and S727 positions after two types
of sciatic nerve injury in the DRG neurons was shown by
immunohistochemical staining and Western blot analysis.
Total STAT3 protein levels remained una ected when eom
L4-DRG C7-DRG pared to naive, sham-, SNC- and CSNT-operated animals.
The results suggest that the functional e ect of STAT3 is
elicited through post-translational modi cation and/or trans
location, cytoplasmic translation and nuclear transcription
(Nicolas et al2012 Haghikia et al2014).

Activation of STAT3 by phosphorylation at both the
Y705 and S727 positions was also detected in motor neu
rons in vivo (Schwaiger et a000 and PC12 line cells
and sympathetic neurons in vitro (Pellegrino and Habecker
2013 Ng et al.20063. In contrast to STAT3(Y705) trans
located into the nuclei of PC12 line cells, STAT3(S727) was
found in axons and their growth cones (Ng e&l063.
Similarly, STAT3(S727) was detected in the axons and their
growth cones of sympathetic neurons, and in their nuclei -
which was not the case for PC12 line cells (Pellegrino and
> C7-DRG Habecke2013.

As was expected, the STAT3(Y705) immunostaining
was found predominantly in the neuronal nuclei of DRG
indicating nuclear translocation of STAT3 activated in the
Y705 position after sciatic nerve injury or intrathecal I1L-6
injection. In addition, di use STAT3(Y705) immuno uores
cence was present in the cytoplasm of some DRG neurons.
STAT3(Y705) immunostaining was found also in the plasma

Fig. 5 Representative pictures of cryostat sections through the dorsgl]embrane of some DRG neurons and their satellite glial

root ganglia (DRG) of L4 and C7 spinal segments from rats treateB€llsS—mainly after intrathecal injection of IL-6. Activated
with intrathecal injection of arti cial cerebrospinal uida( b, e, STAT3 has been reported to a ect cell adhesion (Silver et al.
f) or !L'% c g: g’bg' for Il ollay. IThe .E’ygStat sections Vé?rszig“mUj 2004 Shah et al2006 Hombria and Sotillo2008 and
nostained with rabbit polyclonal antibody recognizin acti- : .

vated by phosphorylatign );t the Y705 (A-)I/D) or Sg727 (%-H) positions:[he, plasma-m.embrar'le location of STAT3(Y705) in DRG
In contrast to sections through DRG of animals treated with arti -IS likely associated with the mutual contact of neurons and
cial cerebrospinal uid (ACSF), intrathecal IL-6 injection induced a their satellite glial cells. Nevertheless, the precise functional
strong increase of STAT3(Y705) and STAT3(S727) immuno uores-inyglvement of membrane distribution of activated STAT3
cence in neuronal nuclei. Similarly to the DRG after SNC and CSNT.

STAT3(S727) immunostaining was present also in vesicular strucr-n the DRG requires further experimental evidence. Besides

tures of neurons (arrowheads) besides nuclear staining. The plasfguronal nuclei, STAT3(S727) vesicular immuno uores
membrane localization of STAT3(Y705) immunostaining was obvi-cence was also found after both types of sciatic nerve injury

ous i_n DRG neurons and their satellite glial cells after intrathecahnd intrathecal IL-6 injection. Double immunostaining
injection of IL-6 (arrowheads;, d). Scale bars: 50 um revealed that at least a part of vesicular immunoreactivity
for STAT3 phosphorylated in the S727 position is present in
Activation and translocation of STAT3Y705 late endosomes which also contain MAPKs (German et al.
and STAT3S727 in DRG after nerve injury 2011). Thus, our immunohistochemical results showing dif-
ferent intracellular locations of STAT3 phosphorylated at
STAT3 has two conserved amino-acid residues (Y705 arithe Y705 and S727 positions are consistent with a model
S727), which are phosphorylated during STAT3 activatiof cytoplasmic and endocytic regulation of IL-6-induced
(Heinrich et al.2003. Thus far, activation of STAT3 was STAT3 activation (Shah et #2006 German et a011).
detected only at the Y705 position in DRG neurons ipsilat Functional involvement of STAT3(S727) is not com
eral to peripheral nerve injury (Qiu et 2005 Wu et al.  pletely clear until now. Activated STAT3 phosphorylated

L4-DRG
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at the S727 position may facilitate interaction with theDRG can release IL-6 molecules into the subarachnoid space
transcriptional co-activators CBP and P300, maximizingnd their transport via CSF into remote DRG can activate
the transcriptional activity of STAT3(Y705) (Schuringa STAT3 in their neurons. This is supported by the observa
et al.2001). In addition, phosphorylation of the S727 posi tion of increased IL-6 protein levels in CSF of rats with
tion may modulate the duration of STAT3 transcriptionalsciatic nerve injury. Moreover, STAT3 activated primarily by
activity by promoting dephosphorylation of STAT3(Y705) nerve injury-induced IL-6 may trigger further synthesis and
(Wakahara et al2012. However, STAT3(S727) has also release of IL-6 through the ampli ed feedback loop detected
been suggested to mediate transcription activation withoin various cell models (Murakami and Hirak012).
any detectable STAT3 phosphorylated at the Y705 position A further possible mechanism for the bilateral regula
(Decker and KovariR000. However, maximal sympathetic tion of the IL-6/STAT3 pathway in both lumbar and-cer
axon outgrowth requires phosphorylation of STAT3 at botlvical DRG neurons after unilateral sciatic nerve injury is
positions (Pellegrino and Habeck13. suggested by published results from exosomes containing
microRNAs (miRNAS) released after nerve injury. Various
Activation of STAT3 in lumbar and cervical DRG miRNAs were signi cantly increased in DRG neurons and
following unilateral sciatic nerve injury and its released by exosomes after peripheral nerve injury (Wu et al.
possible functional involvement 2011, Hori et al.2016 Chang et al2017). Notably, miR-21
was gradually increased in DRG in an IL-6-dependent man
The bilateral activation of STAT3 at both the Y705 and S72ner and signi cantly increased in exosomes extracted from
positions and their nuclear translocation were detected the blood of nerve-ligated mice (Hori et2016. Moreover,
DRG neurons of both lumbar and cervical segments fellowit was demonstrated that miR-21 expression is strictly upreg
ing unilateral SNC or CSNT. Double immunostaining forulated via an IL-6/STAT3 pathway (Lo er et ak007) and
STAT3(Y705) and ATF3 in sections through lumbar DRGmMiRNAs may regulate transcription of STAT target genes
ipsilateral to SNC showed STAT3 activation also in the DRGPencik et al2016§. However, any direct functional relation
neurons without any axonal injury. Moreover, activation andghip between miR-21 and activated STAT3 in DRG neurons
nuclear translocation of activated STAT3 in lumbar DRGafter nerve injury remains uncon rmed.
neurons contralateral to nerve injury as well as in cervical In conclusion, we detected STAT3 activation by phospho
segments of both sides, i.e., in DRG neurons witlhoa  rylation at the Y705 and S727 positions in both lumbar and
tomical relation to the injured nerve, suggests the di usiorcervical DRG neurons after unilateral sciatic nerve injury
of signal molecules into DRG along the spinal cord. Thef various types. We showed that IL-6 from the CSF in the
cytokine IL-6 is a candidate signal molecule for spreading@erispinal subarachnoid space can mediate STAT3 activation
neuroin ammation after nervous system injury (Erta et alin remote DRG neurons. These results indicate a systemic
2012 and its increased synthesis was detected in the asso@action of DRG neurons alongside the spinal cord induced
ated DRG but also in DRG not associated with the injurely unilateral spinal nerve injury.
nerve (Dubovy et aR013. Although the expression of IL-6
in DRG associated with injured sciatic nerve correlated weftcknowledgementswe thank Ms. Dana Kutjova, Ms. Jitka
withthe duraton of ypersensitiy (Murphy et 29998, /XS04, s Mete L ikoud, ot Jane vechovd and e
the possible involvement of increased IL-6 levels in remotgyant 16-08508S of The Czech Science Foundation.
DRG neurons in the induction or maintenance of neuro
pathic pain has not yet been demonstrated. The results seg®mpliance with ethical standards
to re ect rather a general neuroin ammatory reaction of
DRG along the neural axis (Dubovy et2013. Conflict of interestThe authors declare that they have no competing
What is still unclear is the mechanism for the activatiorinterests.
of STAT3 in DRG neurons not associated with unilateral
peripheral nerve injury. We have detected a robust penetra
tion of dextran molecules of molecular weight similar to
IL-6 from CSF of the spinal subarachnoid space into DRéeeferenCeS
(Joukal et aI?OlQ. Intrathecal injection of IL-6 with sub Aaronson DS, Horvath CM (2002) A road map for those who
sequent activation of STAT3 presented here suggested gont know JAK-STAT. Science 296:1653-1688tps://doi.
that IL-6 in the CSF of perispinal subarachnoid space is org/10.1126/science.1071545
a possible mediator of STAT3 activation in DRG neuron®areyre FM, Garzorz N, Lang C, Misgeld T, Buning H, Kersehen
not associated with the injured nerve. If there is ne bar ~ St€iner M (2011) In vivo imaging reveals a phase-speci ¢ role
. . of STAT3 during central and peripheral nervous system axon
rier between DRG and the CSF of subarachnoid space, & regeneration. Proc Nat Acad Sci USA 108:6282-628ps://
nerve injury-induced increase of IL-6 in the corresponding  doi.org/10.1073/pnas.1015239108
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Expression of Regeneration-Associated
Proteins in Primary Sensory Neurons
and Regenerating Axons After Nerve

Injury—An Overview

PETR DUBOV Y
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Department of Anatomy, Cellular and Molecular Research Group, Masaryk University,
Brno, Czechia, Czech Republic

ABSTRACT

Peripheral nerve injury results in profound alterations of the affected
neurons resulting from the interplay between intrinsic and extrinsic molecu-
lar events. Restarting the neuronal regenerative program is an important
prerequisite for functional recovery of the injured peripheral nerve. The pri-
mary sensory neurons with their cell bodies in the dorsal root ganglia pro-
vide a useful in vivo and in vitro model for studying the mechanisms that
regulate intrinsic neuronal regeneration capacity following axotomy. These
studies frequently need to indicate the regenerative status of the correspond-
ing neurons. We summarize the critical issues regarding immunohistochemi-
cal detection of several regeneration-associated proteins as markers for the
initiation of the regeneration program in rat primary sensory neurons and
indicators of axon regeneration in the peripheral nerves. This overview also
includes our own results of GAP43 and SCG10 expression in different DRG
neurons following double immunostaining with molecular markers of neuro-
nal subpopulations (NF200, CGRP, and IB4) as well as transcription factors
(ATF3 and activated STAT3) following unilateral sciatic nerve injury. Anat
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nerve;
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degeneration;

Peripheral nerve injury results in profound alterations
of metabolism, survival, excitability, and transmitter
functions of the affected neurons. These processes result
from the interplay between intrinsic and extrinsic molecu-
lar events (Fawcett and Keynes, 1990; Doron-Mandel
et al., 2015); restarting the regenerative program and the
capacity to survive injury are important prerequisites for
functional recovery in injured peripheral nerves.

Primary sensory neurons with their cell bodies in the
dorsal root ganglia (DRG) provide a useful in vivo and in
vitro model to study the mechanisms regulating intrinsic
neuronal regeneration capacity following axotomy. These
studies frequently need to indicate the regenerative sta-
tus of specific neurons using a simple and reliable method.
The aim of the present overview is to critically summarize
recent knowledge, combined with our own experience,

I ()L *+

regarding the immunocytochemical detection of various
regeneration-associated proteins to be used as markers
labeling the initiation and progress of the regeneration
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program in primary sensory neurons as well as indicators
of axon regeneration in peripheral nerves.

CLASSIFICATION OF NEURONS
IN THE DRG

The DRG contain the bodies of primary sensory neu-
rons that are markedly diverse as to their physiological
function in afferent signaling and their reactions to a
peripheral nerve injury. The subpopulations of DRG neu-
rons can be classified according their size, cytological,
chemical, and physiological properties (Lawson, 2002).
Classically, DRG neurons are divided into large-, medium-

, and small-sized (Lawson et al., 1974) and may be identi-
fied with further molecular phenotyping. The large neu-
rons that sendoff heavy, myelinated axons also display
strong immunostaining for NF200, while medium- and
small-sized neurons give off lightly myelinated A d and
unmyelinated C axons, respectively (Lawson, 2002). The
medium- and small-sized neurons that express substance-
P and calcitonin gene-related peptide (CGRP) are classi-
fied as peptidergic, while small neurons free of CGRP but
stained with Griffonia simplicifolia  isolectin B4 (1B4) are
denoted as nonpeptidergic nociceptive neurons (Lawson
et al., 1993; Hunt and Mantyh, 2001). The IB4 1 subpopu-
lation differs from other neurons in expressing the recep-
tor for glial cell line-derived neurotrophic factor (GDNF)
rather than other neurotrophins (Molliver et al., 1997). A
number of in vivo studies of the neuronal regenerative
program were based on rat or mouse sciatic nerve injuries
where nearly all (98%-99%) sciatic DRG neurons were
located in the L4-L5 DRG of rat (Swett et al., 1991) or the
L3-L4 DRG of mice (Rigaud et al., 2008).

REGENERATION-ASSOCIATED PROTEINS

Besides extrinsic factors produced by cells distal to
the nerve injury, reactivation of a silent regenerative
program of DRG neurons is needed for successful axon
regeneration. The reactivation of the neuronal rege-
neration program can be detected by the expression of
various regeneration-associated proteins like growth
associated protein 43 (GAPA43), cortical cytoskeleton
associated protein 23 (CAP23), superior cervical ganglion
10 (SCG10), or small proline-rich repeat protein 1A
(SPRR1A) that are important intrinsic determinants of
the increased regenerative ability of DRG neurons
(Bonilla et al., 2002; Mason et al., 2002).

Growth-Associated Protein 43

The prototypical growth-associated protein, GAP43, is
a membrane- and cytoskeletal-associated phosphoprotein
that is expressed at high levels in neurons during devel-
opment and is concentrated in the axonal growth cone
(Skene and Willard, 1981). Correlation between the
expression of GAP43 and axonal growth has led to it
being used as a marker for the regenerative state of neu-
rons (Verge et al., 1990). GAP43 regulates the neuronal
actin cytoskeleton and is a substrate for protein kinase
C (PKC; Larsson, 2006) in promoting axonal growth
(Laux et al., 2000). Removal of the distal nerve stump or
blocking axonal transport does not alter GAP43 mRNA
levels in DRG neurons indicating that molecular

1

inducers produced by nerve injury are not critical for
GAP43 upregulation (Skene, 1989).

The DRG neurons of na ve rats display a low basal
level of GAP43 immunostaining (Stewart et al., 1992;
Schreyer and Skene, 1993) that is significantly increased
mainly in large and medium-sized neurons after sciatic
nerve injury (Table 1; Fig. 1A,D). In contrast to large
NF2001 and medium sized CGRP 1 neurons, small
IB41 neurons indeed did not display GAP43 after exper-
imental nerve injury (Fig. 2). The absence of GAP43 pro-
tein in small IB4 1 neurons is in accord with in vitro
experiments that 1B4-labeled primary sensory neurons
do not express GAP43, and this is related to their
impaired intrinsic axonal regeneration capacity (Leclere
et al., 2007). Another explanation for these findings is
that other proteins or signaling molecules, in addition to
GAP43, are required for stimulation of axonal out-
growth. Moreover, axonal regeneration of IB4-labeled
neurons can be intrinsically different from that of other
classes of DRG neurons where SPRR1A is upregulated
after sciatic nerve injury and that is also associated with
axonal regeneration (Bonilla et al., 2002). Increased
immunostaining for GAP43 can be stimulated over a
long period also in DRG neurons that do not or cannot
successfully regenerate their injured axons after nerve
transection (Woolf et al., 1990). This indicates that the
mere presence of GAP43 protein is not sufficient as proof
of neuronal regeneration status.

It was found that only GAP43 immunoreactive neu-
rons supported axon regrowth of 7 mm or longer within
the first week following dorsal root injury. At later time
points, axon regrowth was observed from neurons both
with and without GAP43 immunoreactivity. The results
suggest that axon regeneration is not absolutely depen-
dent on the presence of GAP43 but rather its expression
is correlated with a capacity for rapid outgrowth (Ander-
sen and Schreyer, 1999).

GAP43 is activated by PKC-mediated phosphorylation
at serine 41 (S41) that promotes the polymerization and
stabilization of filamentous actin (F-actin) related to
axon growth and sprouting (Tsai et al., 2007). The phos-
phorylated form is dephosphorylated by calcineurin,
thus blocking F-actin polymerization and stabilization
(Lautermilch and Spitzer, 2000). In contrast to immu-
nostaining predominantly of large-sized neurons inna  ve
DRG by antibodies, recognizing both phosphorylated and
unphosphorylated GAP43, an S41-GAP43-specific anti-
body immunostained mainly medium- and small-sized
DRG neurons (Table 1; Fig. 1B). However, a more
intense S41-GAP43 immunoreaction was induced by
axotomy in all types of DRG neurons (Fig. 1C) indicating
that immunostaining with S41-GAP43 antibody is a reli-
able indicator of the neuronal regeneration program.

Superior Cervical Ganglion 10 Protein

Superior cervical ganglion 10 (SCG10) protein, also
known as stathmin 2 (STMN2), is a neuron-specific mem-
ber of the stathmin family (Sugiura and Mori, 1995)
whose members influence microtubule dynamics by pro-
moting microtubule depolymerization (Riederer et al.,
1997; Antonsson et al., 1998). Overexpression of SCG10
protein in neurons enhances axon outgrowth under
in vitro (Riederer et al., 1997) as well as under invivo con-
ditions (Mason et al., 2002).
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TABLE 1. Antibodies used for immunostaining of representative sections and summary of their cellular
expression in DRG neurons or regenerated axons of the peripheral nerves

Marker Host Specificity Dilution Supplier Immunofluorescence staining
GAP43 Mouse? Phosphorylated and 1:500 Sigma GAP43°in large and medium
dephosphorylated sized DRG neurons of the
regenerative state, small
IB4 € neurons are GAP43 ~,
GAP43° in regenerated
axons and activated
Schwann cells
S41-GAP43 Rabbit P Phosphorylated 1:500 Thermo Fisher S41-GAP43 € in all types of
S41-GAP43 DRG neurons of the regen-
erative state
ATF3 Rabbit ° C-terminal peptide 1:200 Santa Cruz ATF3 €in the nuclei of axo-
tomized DRG neurons
ATF3 Mouse ? Internal region of 1:200 Santa Cruz ATF3 ©in the nuclei of axo-
ATF3 tomized DRG neurons
NF200 Rabbit P Neurofilament H 1:200 Sigma NF200 € in large sized DRG
(200kD) neurons with heavy myelin-
ated axons
CGRP Rabbit P CGRP 1:500 Acris CGRP € in peptidergic subpop-
ulation of medium and
small sized DRG neurons
IB4-FITC - Isolectin B4 1:50 Vector IB4 ©in nonpeptidergic sub-
population of small sized
DRG neurons
SCG10 Rabbit® C-terminal peptide 1:1000 LSBio SCG10 €in all types of DRG
neurons of the regenerative
state, SCG10° in sensory
regenerated axons also
after a short period of nerve
injury
Anti- blll tubulin Mouse 2 C-terminal peptide 1:500 Exbio For double immunostaining
with GAP43 or SCG10 to
detect regenerated axons
SPRR1A Rabbit Internal 40-89 1:300 Abcam SPRR1AC in all types of DRG
amino acids neurons of the regenerative
state
STAT3 Rabbit ° Phosphorylated at 1:100 Santa Cruz STAT3 ¢ as a marker of regen-

Y705

erative state of DRG
neurons

#Monoclonal antibody.
bPolyclonal antibody.

Positive immunoreaction and “negative immunoreaction.

The binding of primary antibodies was visualized with donkey anti-mouse or anti-rabbit TRITC- or FITC-conjugated sec-

ondary antibodies (1:400; Millipore).

Upregulation of SCG10 mRNA could not be detected
in ipsilateral axotomized sensory neurons one day after
nerve transection, but became apparent only later dur-
ing the first week after surgery (Voria et al., 2006). This
is consistent with the results of Mason et al. (2002) who
found increased SCG10 mRNA levels in DRG neurons
and spinal motor neurons 3 days after nerve crush, but
not at 1 day. In contrast, the intensity of SCG10 immu-
nostaining was significantly increased in most neurons
of the rat DRG within 1 day-crushed nerve (Table 1; Fig.
3A,B). This is in agreement with published results in
mice (Shin et al., 2014). The discrepancy in the onset of
SCG10 expression after nerve injury is probably due to
differences in experimental animals, procedure for nerve
crush and methods of SCG10 detection. It is important
to note that in contrast to GAP43, all DRG neurons with
activating transcription factor 3 (ATF3) immunopositive
nuclei displayed SCG10 immunostaining 7 days after
complete sciatic nerve transection (CSNT; Fig. 3C-E).

Differences of GAP43 and SCG10 as
Markers of Neuronal Regenerative
Status and Regenerating Axons

It was demonstrated that GAP43, CAP23, and SCG10
are coregulated in axotomized neurons and are corre-
lated with the neuronal ability to regenerate their axons
under in vivo conditions (Mason et al., 2002). However,
other results of in vivo experiments also revealed upre-
gulation of GAP43 in the DRG neurons without axotomy
suggesting that increased GAP43 may not always be
related to activation of the regeneration program of neu-
rons, but is rather a metabolic sign of neuronal potential
for plasticity and rapid axon regeneration (Benowitz and
Routtenberg, 1997; Andersen and Schreyer, 1999). More-
over, as was mentioned above, injured IB4 1 nociceptive
neurons do not express GAP43 although the neurons
displayed other molecules like SCG10 indicating their
regenerative status (Bonilla et al., 2002). Double
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p41GAP43

GAP43

CSNT 7D

p41GAP43

GAP43

ATF3

Merged+Hoechst

Fig. 1. Representative sections of L4-DRG of nadve rat A, B) and from rat with CSNT for 7 days (CEF). The sections (A, DDF) were immunos-
tained with mouse monoclonal anti-GAP43 antibody recognizing both phosphorylated and dephosphorylated forms. For double immunostaining
(DBF), the section was further processed for immunostaining with rabbit polyclonal antibody against ATF3 and cell nuclei were stained by
Hoechst 33342 (blue). Low intensity GAP43 immunofluorescence is seen mainly in large DRG neurons of nadve rat (A, arrowheads). Increased
intensity of GAP43 is detected in large-sized neurons (arrowheads), while medium- (thick arrows) or small-sized neurons (slim arrows) display
weak or no immunopositivity, respectively (D). Most neuronal nuclei were simultaneously decorated by ATF3 immunopositivity indicating injury to
their axons (E), but the merged picture (F) illustrates that neurons with weak or no GAP43 immunostaining showed axon injury (thick and slim
arrows). The sections of L4-DRG from nadve (B) and CSNTPoperated (C) rat were immunostained for S41-GAP43 and cell nuclei were labeled by
Hoechst 33342 (blue). Large neuronal bodies lack S41-GAP43 immunofluorescence, but they are enveloped by S41-GAP431 satellite glial cells
(B, arrowheads). In addition, medium- and small-sized neuronal bodies of na 6ve DRG displayed a low intensity of S41-GAP43 immunofluores-
cence (B, arrows). In contrast to GAP43, all DRG neurons including those with large (arrowheads) and medium or small bodies (arrows) display

increased S41-GAP43 immunostaining after axotomy by CSNT (C). Scale bars: 135 nm for A, B; 77 nm for CBF.

immunofluorescence staining of DRG neurons after sci-
atic nerve injury demonstrated a higher amount of
SCG101 than GAP43 1 neurons without differences in
DRG subpopulations (Fig. 3F—-H).

GAP43 is a widely used marker for regenerating
axons, but besides regenerating axons, it is also upregu-
lated in Schwann and Schwann-derived cells (Plantinga
et al., 1993; Dubovy and Aldskogius, 1996). This GAP43
immunostaining of Schwann cells associated with regen-
erated axons make their detection difficult, especially
during early periods of axon regeneration (Fig. 4A).

It was demonstrated that SCG10 is transported from
the soma to the proximal axonal stump very early after
axotomy, whereas it is rapidly lost in distal axon stumps
due to phosphorylation by cJun N-terminal kinase (IJNK;
Tararuk et al., 2006; Shin et al., 2012, 2014). Thus,
SCG10 immunostaining is rapidly increased in proximal
axonal stumps and regenerating sprouts within 1 hr

after axotomy (Shin et al.,, 2012, 2014) in contrast to
GAP43 labeling regenerated axons after 3 days (Shalom
and Yaron, 2014). Therefore, detection of regenerated
axons by SCG10 immunostaining is more useful mainly
during early periods after nerve injury, for example, 1
day after nerve crush (Fig. 4B-D). In addition, SCG10 is
a good marker for regenerated sensory axons, as its lev-
els increase only in the proximal stumps of afferent but
not motor axons of the injured sciatic nerve (Shin et al.,
2014).

Small Proline-Rich Repeat Protein 1A

SPRR1A or Cornifin-A is one of a group of epithelial
differentiation proteins that are induced in axotomized
neurons. A very low level of SPRR1A is found in intact
DRG neurons, but peripheral nerve injury induces a 60-
fold increase of its expression in axotomized DRG
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Fig. 2. Representative sections of L4-DRG ipsilateral to CSNT for 7 days double immunostained for GAP43 and NF200 (ABC) or CGRP DEF)
or stained with FITC labeled IB4 (G-1). The highest intensity GAP43 immunostaining is limited to NF2001 neurons with large-sized bodies (ADC,
arrowheads). A weak GAP43 reaction is present in CGRP1 neurons of medium-sized bodies (DDF, arrowheads), but CGRPL neurons of small-
sized bodies are free of GAP43 immunostaining (DDF, arrows). In contrast to large neurons (arrowheads), no GAP43 immunofluorescence is

observed in nonpeptidergic IB4 1 neurons (G-I, arrows). Scale bars: 135 mm for ABC, GbI; 77mm for DBF.

neurons. In addition, overexpression of SPRR1A colocal-
izes with F-actin in membrane folds of DRG neurons
and significantly increases axon outgrowth in vitro
while knockdown of SPRR1A gene inhibits axon regener-
ation (Bonilla et al., 2002). Since SPRR1A is not nor-
mally present but is expressed de novo in DRG neurons
following peripheral nerve injury at a time correspond-
ing to rapid regeneration, it has been proposed as good
marker for a reactivated neuronal regeneration program
(Bonilla et al., 2002; Starkey et al., 2009).

However, immunohistochemical staining for SPRR1A in
L4-DRG of mice undergoing sciatic nerve transection
shows a smaller increase in immunofluorescence intensity
in large neurons compared to small ones (Table 1; Fig. 5).

1

MOLECULAR MARKERS INVOLVED
IN THE STRESS-RELATED RESPONSE OF
AXOTOMIZED DRG AND THE ONSET OF THE
AXON REGENERATION PROGRAM

In contrast to the regeneration-associated proteins
mentioned above, another unique set of molecular
markers can be used for monitoring the regenerative
status of DRG neurons. This group of markers induced
by axon injury includes transcription factors involved
either in the stress-related response of axotomized neu-
rons or contributing to the onset of axon regeneration.
These markers include injury-induced molecules like
ATF3 (Tsujino et al, 2000) or activated signal
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Fig. 3. Representative sections of L4-DRG from nadve rat A) and rat operated on nerve crush for one day (B) or CSNT for 7 days (CEH). The
sections were immunostained for detection of SCG10, and double immunostained with ATF3 (CBE) or GAP43 antibody (FPH). Cell nuclei were
stained by Hoechst 33342 (blue). No SCG10 immunofluorescence can be seen in the L4-DRG of nadve rat (A). Increased SCG10 immunostaining
in neuronal bodies is already seen one day after nerve crush (B). Most large (arrowheads), medium, and small (arrows) neuronal bodies show
immunopositivity for both SCG10 and ATF3 indicating that neurons undergoing axotomy display the marker for neuronal regeneration (C-E). A
merged picture (H) after double immunofluorescence staining for SCG10 (F) and GAP43 (G) shows that SCG10 immunostaining is present in
most large neurons that are also GAP431 (arrowheads), as well as in most medium and small neurons that display a negative reaction to
GAP43 (arrows). In the L4-DRG after CSNT for 7 days only about one third (33%) of the neurons displayed positive immunostaining for both
SCG10 and GAP43. Scale bars: 135 mm.

transducer and activator of transcription 3 (STAT3) CREB) family of transcription factors that is induced in
known to be among the molecular determinants associ- a variety of stressed tissues (Hai et al.,, 1999, 2010).
ated with the onset of neuronal regeneration (Zigmond, Since ATF3 is not expressed in intact DRG neurons and
2012a). its occurrence is induced by nerve injury, it is regarded
as a marker for identifying axotomized neurons. The
Activating Transcription Factor 3 time course of ATF3 induction depends on the distance
ATF3 is a member of the activating transcription fac- between the injury site and the cell body (Tsujino et al.,

tor/cAMP-responsive element binding protein (ATF/ 2000). ATF3 represses transcription as a homodimer and
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Fig. 4. Longitudinal cryostat sections of the rat ulnar nerve distal to one-day crush with clip immunostained for GAP43 ( A) and SCG10 BED).
The sections of ulnar nerve stump (A) were incubated with GAP43 antibody (A) or double immunostained for SCG10 and blll tubulin (BBD). It is
impossible to detect a position of regenerating axons that are GAP43 immunopositive together with Schwann cells (A). In contrast, only regener-
ated axons are precisely decorated with SCG10 immunofluorescence (B, C). This is verified by colocalization with blll tubulin immunopositivity

(D). Scale bars: 135 mm.

Fig. 5. Representative sections of L4-DRG from nadve mouse A) and mouse operated on CSNT for 7 days (B, C) immunostained for SPRR1A.
Cell nuclei were stained by Hoechst 33342 (C, blue). No SPRR1a immunopositivity can be seen in the section from nadve L4-DRG (A), while sec-
tion of L4-DRG ipsilateral to CSNT demonstrates clear immunostaining in large (arrowheads), medium and small (arrows) neuronal bodies. Scale

bars: 90 mm for A, B; 45 mm for C.

activates transcription as a heterodimer when coex-
pressed with its heterodimeric partners or other proteins
like cJun (Hai et al., 1999). For ATF3 activation, cJun
needs to be phosphorylated by JNK on serines at both
positions 63 and 73 (Waetzig et al., 2006).

It was reported that the axon regeneration program is
initiated when both ATF3 and phosphorylated cJun
(pcJun) are upregulated in neurons in response to axot-
omy (Pearson et al., 2003; Lindwall et al., 2004). In con-
trast, there are data indicating that activation of cJun is
not coincident with induction of ATF3 in injured DRG

neurons and that it is unlikely therefore that pcJun is
necessary for ATF3 action in axotomized neurons
(Seijffers et al., 2006). Moreover, experiments using
ATF3-transgenic mice suggested that ATF3 overexpres-
sion results in an increase in axon outgrowth  in vitro
and regeneration after nerve injury  in vivo. However,
ATF3 alone in uninjured DRG neurons leads to a slight
upregulation of some growth-associated gene targets,
and ATF3 upregulation on its own is not enough to fully
recapitulate the peripheral nerve regeneration program
(Seijffers et al., 2007). Recent results indicate that the
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Fig. 6. Representative sections of L4-DRG from nadve rat A) and rat treated with CSNT for 7 days (BED). The sections were immunostained
antibody recognizing STAT3 phosphorylated at Y705. For double immunostaining, the section was further incubated with GAP43 antibody recog-
nizing both phosphorylated and dephosphorylated forms. Cell nuclei were stained by Hoechst 33342. Neurons and their nuclei in the section
from nadve L4-DRG do not display STAT3Y immunostaining (A). Immunopositivity indicating nuclear translocation of STAT3Y705 in both large
(arrowheads) and medium or small neuronal bodies (arrows) is detected in the section from L4-DRG ipsilateral to CSNT. However, only large neu-
ronal bodies display a distinct GAP43 immunofluorescence. Scale bars: 135 mm.

ATF3 transcriptional activity might induce “effector”
regeneration-associated genes like SPRR1A, Galanin,
and GAP43 facilitating peripheral axon regeneration
(Gey et al., 2016).

Besides the proregenerative role, ATF3 immunostain-
ing of neuronal nuclei is a useful marker for axotomized
DRG neurons. Colocalization of ATF3 with GAP43 or
SCG10 in DRG neurons after nerve injury (Figs. 1 and
4) enables precise studies of axon regeneration following
axotomy.

Signal Transducer and Activator
of Transcription 3

STAT3, a member of the STAT family, is activated as
part of Janus kinase (JAK)-STAT signaling pathway
(Aaronson and Horvath, 2002). Activation of STAT3 is
due to JAK2- dependent phosphorylation at the tyrosine-
705 (Y705), and JAK2-independent phosphorylation at
the serine-727 (S727) positions (Tsai et al., 2007). Phos-
phorylated STAT3 dimers translocate to the nucleus and
initiate transcription of target genes (Eulenfeld et al.,
2012). STAT3 activation occurs in DRG neurons very
early after a nerve lesion and the influence of neuro-
poietic cytokines (Zhong et al., 1999; Cafferty et al.,
2001, 2004; Miao et al., 2006; Zigmond, 2012b) and neu-
rotrophins (Pellegrino and Habecker, 2013) suggests the

involvement of STAT3 signaling in the promotion of
axon growth (Lee et al., 2004; Zigmond, 2012b).

The activation of STAT3 associated with restoration of
neuronal regeneration capacity is also supported by in
vitro experiments with suppressor of cytokine signaling
3 (SOCS3), which provides feedback inhibition of STAT3
signaling. Overexpression of SOCS3 in primary sensory
neurons blocks nuclear translocation of STAT3 and axo-
nal growth while neutralization of SOCS3 stimulates
axonal outgrowth (Miao et al., 2006).

Some studies demonstrate that STAT3 can transacti-
vate GAP43 expression in vivo and in vitro (Wu and Brad-
shaw, 1996; Schwaiger et al., 2000). As was mentioned
above, GAP43 promotes axon regeneration when phos-
phorylated at the S41 position by PKC that is also able to
phosphorylate STAT3 at S727 (Tsai et al., 2007).

The DRG neurons of all size categories displayed
nuclear translocation of immunostaining for STAT3-Y705
after nerve transections. The results of STAT3-Y705 coloc-
alization with GAP43 indicate reactivation of the axon
regeneration program even in DRG neurons with low or
no immunoreactivity towards GAP43 (Table 1; Fig. 6).

SUMMARY AND CONCLUSION

Reactivation of neuronal regeneration is one of the
most important conditions for successful reinnervation of
injured peripheral nerves. DRG neurons are very useful
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in studying the reactivation of the neuronal regeneration
program, and are frequently used as in vivo and in vitro
models. However, different populations of DRG neurons
behave differently with respect to their regeneration
capacity as well as the expression of molecular markers.
This presents a problem for effective and reliable experi-
mentation. Both published and original results pre-
sented here suggest that immunohistochemical detection
of GAP43 by antibodies recognizing both phosphorylated
and dephosphorylated forms fail to identify all types of
DRG neurons that regenerate their axons. Moreover,
GAP43 immunostaining is also unsuitable to detect
regenerated axons during early periods after nerve
injury. SCG10, another protein related to the cytoskele-
tal dynamics of regenerating axons is a more reliable
marker than GAP43 for visualization of the reactivating
neuronal regeneration program with the added advan-
tage of enabling the specific detection of regenerated
sensory axons. Immunostaining for selected transcrip-
tion factors closely associated with the induction of the
regeneration program like ATF3 or STAT3 is a good
alternative for detecting DRG neurons that regenerate
their axons.
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A Conditioning Sciatic Nerve Lesion
Triggers a Pro-regenerative State in
Primary Sensory Neurons Also of
Dorsal Root Ganglia Non-associated
With the Damaged Nerve
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Marcela Kohoutkova and Marek Joukal

Department of Anatomy, Laboratory of Cellular and Molecular Neurobiology, Faculty of Medicine, Masaryk University,
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The primary sensory neurons of dorsal root ganglia (DRG) are a very useful model
to study the neuronal regenerative program that is a prerequisite for successful axon
regeneration after peripheral nerve injury. Seven days after a unilateral sciatic nerve injury
by compression or transection, we detected a bilateral increase in growth-associated
protein-43 (GAP-43) and superior cervical ganglion-10 (SCG-10) mRNA and protein
levels not only in DRG neurons of lumbar spinal cord segments (L4-L5) associated
with injured nerve, but also in remote cervical segments (C6-C8). The increase in
regeneration-associated proteins in the cervical DRG neurons was associated with
the greater length of regenerated axons 1 day after ulnar nerve crush following prior
sciatic nerve injury as compared to controls with only ulnar nerve crush. The increased
axonal regeneration capacity of cervical DRG neurons after a prior conditioning sciatic
nerve lesion was conrmed by neurite outgrowth assay ofin vitro cultivated DRG
neurons. Intrathecal injection of IL-6 or a JAK2 inhibitor (AG490) revealed a role for
the IL-6 signaling pathway in activating the pro-regenerative state in remote DRG
neurons. Our results suggest that the pro-regenerative state induced in the DRG neurons
non-associated with the injured nerve re ects a systemic reaction of these neurons to
unilateral sciatic nerve injury.

Keywords: unilateral nerve injury, primary sensory neurons, pro-regenerative state, GAP-43, SCG-10, IL-6, ulnar
nerve crush, neurite outgrowth assay

INTRODUCTION

It is well-known that besides extrinsic factors, activation of a neuronal regenerative program is
necessary for successful axon regeneration after peripheral nerve injury. The primary sensory
neurons, whose bodies are in the dorsal root ganglia (DRG), are a useful model to study the
mechanisms regulating the neuronal regeneration program after axotomy. The DRG neurons have
peripheral and central branches of afferent axons with different responses to injury. Injury to
peripheral axonal branches induces transcription-dependent changes of regeneration-associated

Triggers a Pro-regenerative State in
Primary Sensory Neurons Also of
Dorsal Root Ganglia Non-associated
With the Damaged Nerve.
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genes and proteins that promote axon regeneration by enhancing The goal of the present study was to investigate whether a
the regeneration potential of DRG neuronsiy et al., 201).  sciatic nerve injury can activate the pro-regenerative state of
In contrast, central axonal branches extending into the dorsdDRG neurons not only in the corresponding lumbar but also
columns of the spinal cord fail to regenerate when injuredn remote cervical spinal cord segments. The pro-regenerative
because insufficient activation of the neuronal regeneratiostate of DRG neurons was shown by the upregulation of GAP-43
program Schwaiger et al., 2000; Qiu et al., 200owever, a and SCG-10 mRNAs and proteins as well as activation of cJun
conditioning lesion of the peripheral nerve, where peripheralnd p38 in correlation with the extent of regenerated axons after
axonal branches are injured beforehand, triggers a regeneratiuinar nerve crush following prior sciatic nerve injury. Increased
program in DRG neurons that is sufficient to allow regeneratioraxon regeneration capacity in cervical DRG neurons initiated
also of central axonal branchekl§dumann and Woolf, 1999 by the conditioning sciatic nerve lesion was also confirmed by
This phenomenon of a conditioning peripheral nerve lesion withneurite outgrowth assay af vitro cultivated DRG neurons.
the activation of the pro-regenerative state in DRG neurons iMoreover, intrathecal injection of IL-6 revealed that this cytokine
at least partly associated with upregulation of some neuropoietan mediate this systemic reaction of DRG along the neuroaxis
cytokines including IL-6 Cafferty et al., 2001; Zigmond, 2011, after unilateral sciatic nerve lesion.
2019. It was also shown that increased axon regeneration
was conditioned in the homologous nerve contralateral tQMATERIALS AND METHODS
the injured nerve Y{amaguchi et al., 1999; Ryoke et al.,
2000). Animals and Surgical Treatment

In our previous experiments we have found bilateral increase®he experiments were performed in 194 adult male rats (Wistar,
levels of IL6, as well as its receptor mMRNA and protein, not only ir250-280 g, Anlab, Brno, Czechia) housed in 12 h light/dark
DRG associated with the injured sciatic nerve, but also in remoteycles at a temperature of 22—24under specific pathogen-free
cervical DRGBrazdaetal., 2013; Dubovy et al., 20Moreover, conditions in the animal housing facility of Masaryk University.
unilateral sciatic nerve injury induced bilateral activation ofSterilized standard rodent food and water were available
STAT3 by phosphorylation at the tyrosine-705 (Y705) positiorad libitum. Animals for surgical treatments were anesthetized
in DRG neurons of both lumbar and cervical segmetiisifovy  using a mixture of ketamine (40 mg/ml) and xylazine (4 mg/ml)
etal., 2018gthat is a critical transforming factor of the neuronal administered intraperitoneally (0.2 ml/100 g body weight). All
pro-regenerative stateBareyre et al., 2011; Zigmond, 2011 surgical procedures were carried out under sterile conditions
Based on our own and other previously published results, wiey the same person according to protocols approved by the
hypothesize that nerve injury may stimulate the pro-regenerativAnimal Investigation Committee of the Faculty of Medicine,
state not only in the DRG neurons associated with damageBrno, Czechia.
axons, but also in DRG neurons not directly associated with the The right sciatic nerve of rats was exposed in mid-thigh,
injured nerve. ligated with two ligatures and cut (complete sciatic nerve

Activation of the neuronal pro-regenerative state istransection, CSNT). The proximal nerve stump was fixed in
characterized by upregulation of various transforming factorsmuscles to protect the distal stump from reinnervation. A
regeneration-associated genes and proteins which are importaohgitudinally slit silicone tube of 2-mm length and 1 mm
intrinsic determinants of neuronal regeneration capacitya(  internal diameter was placed around the right sciatic nerve of rats
et al., 2014; Rishal and Fainzilber, 2014; Chandran et al.).201fd reduce the nerve diameter (sciatic nerve compression, SNC;
For example, phosphorylation and activation of the transcriptionschmid et al., 20)3The tube was tied in place with a sterile
factor cJun [foh et al., 2009; Frey et al., 2QJdnd the mitogen- thread to close and prevent tube from opening. The muscles
activated protein kinase p38 (p38 MAPKerma et al., 2005; Nix and skin were closed with 5/0 sutures. The right sciatic nerve of
et al., 201)Lis associated with induction of the pro-regenerativesham-operated rats was carefully exposed without any lesion.
state in DRG neurons following nerve injury. To determine the progression in time of the pro-regenerative

Regeneration-associated proteins like growth-associatetate in cervical DRG after sciatic nerve lesion, a set of
protein-43 (GAP-43) or superior cervical ganglion-10 (SCG-108NC-operated rats from the pilot study was left to survive for 1,
are generally used as markers for detecting the neurondl 7, and 14 days and compared with naive rats or sham-operated
pro-regenerative stateBpnilla et al., 2002; Mason et al., rats surviving for 1 and 3 days(= 3 for each group). Based
2009). GAP-43 is the prototypical GAP, is expressed at higlon the pilot study in which GAP-43 peaked at 7 days after
levels in neurons during development and concentrated imnilateral sciatic nerve lesionFigure 1), further groups of
the axonal growth cone Skene and Willard, 1991 DRG operated and sham-operated rats were left to survive for 7 days
neurons of naive rats display a low basal level of GAP-4&fter surgical treatment and used for bilateral analysis of the
that is significantly increased after nerve injurystéwart neuronal regeneration program in both lumbar and cervical
et al., 1992; Schreyer and Skene, 1993; Liabotis and SchrepRG.
1999. The SCG-10 protein, also known as stathmin 2, is L . .
a neuron-specific member of the stathmin familpugiura Quantitative Immunohistochemical
and Mori, 1999 that is upregulated specifically in primary Analysis
sensory neurons regenerating their axon$hii et al.,, Naive rats and sham-, SNC- and CSNT-operated nats 6 for
2019. each group) were deeply anesthetized with a lethal dose of
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washed with PBS containing 0.05% Tween 20 (PBS-T) and
1% bovine serum albumin (BSA) for 10 min, treated with 5%
normal donkey serum in PBS-T for 30 min, then incubated
with 25 ml of mouse monoclonal antibody against GAP-43
(1:500; Sigma, Ronkonkoma, NY, USA) and rabbit polyclonal
antibody against SCG-10 (1:1,000; LSBio, Seattle, WA, USA),
phospho-cJun (1:100; Cell Signaling, New York, NY, USA)
or phospho-p38 (1:200; Chemicon Int., Temecula, CA, USA)
in a humid chamber at room temperature (21-Z3 for

12 h. The immunohistochemical reaction was visualized by
treatment with FITC-conjugated and affinity-purified donkey
anti-mouse or anti-rabbit secondary antibody (1:100; Millipore,
USA) for 90 min at room temperature. The control sections
were incubated without the primary antibody. Sections were
stained with Hoechst 33342 to detect cell nuclei, mounted in
agueous mounting medium (Vectashield; Vector Laboratories,
Burlingame, CA, USA) and analyzed using an epifluorescence
microscope (Nikon Eclipse, Nikon, Czechia) equipped with a
camera (DFC-480; Leica Microsystems) and a stabilized power
supply for the lamp housing.

The neuronal diameter, GAP-43 and SCG-10
immunofluorescence intensities were measured using a
NIS-Elements image analysis system (Nikon, Czechia) as
previously Pubovy et al., 2002, 20).3At least 100 neuronal
profiles containing nuclei were measured for each animal group.

FIGURE 1 | Results of western blot analysis of growth-associated The sizes of _DRG neurons In sections _for immunofluorescence
protein-43 (GAP-43) protein levels in cervical dorsal root ganglia (DRG; were categorized as smatl Z5 mm), medium (25-40m), and
C6-C8) removed from naive rats as well as sham- and sciatic nerve large & 40mm) according to their diameters calculated from the

compression (SNC)-operated rats. Sham-operated rats were left to survive fo areas of neuronal profiles. The immunofluorescence intensities
1 and 3 days, SNC-operated rats for 1, 3, 7 and 14 daystf = 3 for each were expressed as mean intensithD
group). Upper panel(A) shows a representative western blot with GAP-43 P '

protein in cervical DRG ipsilateral (i) and contralateral (c) to unilateral SNC.

Equal loading of proteins was con rmed by actin levels (Actin). Lower panel Western Blot AnalySiS
(B) shows densitometry of the individual protein bands after normalization to In the pilOt study, the cervical DRG (C6-C8) of naive rats and
actin; the irl.terTsities qf the bands from naive cervical DREB were as arbitrarily rats surviving 1and3 days after sham-operation and 1, 3’ 7 and
settol. Signicant difierence b < 0.05) compared to nalve or 14 days after SNC-operation € 3 for each group) were removed
sham-operated rats in a Mann-Whitney U-test. i Yy p o (: i 9 p)
bilaterally, flash-frozen in liquid nitrogen and stored aB0 C
until western blot analysis of GAP-43.

sodium pentobarbital (70 mg/kg body weight, i.p.) and perfused The results of GAP-43 and SCG-10 levels obtained by
transcardially with 500 ml phosphate-buffered saline (PBS, plguantitative immunohistochemistry in DRG neurons 7 days after
7.4) followed by 500 ml of Zamboni's fixativ&gmboni and sciatic nerve lesions were verified by western blot analysis. The
Demartin, 196). The L4-L5 and C6-C8 DRG from both sides DRG from lumbar (L4-L5) and cervical (C6-C8) levats( 3 for
were detected in their intervertebral foramina following totaleach group in three independent experiments) were collected
laminectomy and foraminotomy. The DRG were removedas described under aseptic conditions. Samples of ipsilateral
immersed separately in Zamboni's fixative aC4overnight, and (L-DRGi) and contralateral (L-DRGc) lumbar DRG as well as
then collected separately into samples of ipsilateral (L-DRGi) anigsilateral (C-DRGi) and contralateral (C-DRGc) cervical DRG
contralateral (L-DRGc) lumbar as well as ipsilateral (C-DRGifrom each group of rats were flash-frozen in liquid nitrogen and
and contralateral (C-DRGc) cervical DRG for each group of ratstored at 80 C until analysis.
(naive, sham-, SNC-, and CSNT-operated). The DRG samples were homogenized in PBS containing

The DRG samples were washed in 20% phosphate-bufferpdotease inhibitors (LaRoche, Switzerland) with 0.1% Triton X-
sucrose for 12 h, blocked in Tissue-TekOCT compound 100, and centrifuged at 10,0§Gor 5 min at 4 C. Proteins were
(Miles, Elkhart, IN, USA) and cut to prepare serial longitudinalseparated by SDS-polyacrylamide gel electrophorésisz(a
cryostat sections (12m). The DRG sections were mounted et al., 2006 and transferred to nitrocellulose membranes by
on chrome-alum covered slides and processed for indirealectroblotting (BioRad). Blots were blocked using 1% BSA
immunohistochemical staining for GAP-43 and SCG-10. Brieflyin PBST (3.2 mM NgHPO;, 0.5 mM KH,PO4 1.3 mM
DRG sections of lumbar and cervical segments of naiv&Cl, 135 mM NacCl, 0.05% Tween 20, pH 7.4) for 1 h and
sham-, SNC- and CSNT-operated rats were immunostainemcubated with anti-GAP-43 mouse monoclonal (1:1,000; Sigma,
simultaneously under the same conditions. Sections wef@onkonkoma, NY, USA), rabbit polyclonal anti-phosphorylated
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S41-GAP43 (1:500; Thermo Fisher Scientific, Waltham, MAsections of 10rm thickness were cut and immunostained for
USA) or anti-SCG-10 (1:500; LSBio, Seattle, WA, USA$CG-10, whichisamore selective marker of regenerating sensory
antibodies overnight. Blots were washed in PBST and incubateckons than GAP-43Shin et al., 2014 SCG-10 fluorescence
with peroxidase-conjugated anti-mouse or anti-rabbit IgGintensity was analyzed along the length of the nerve distal to the
(1:1,000; Sigma, Seattle, WA, USA) at room temperature farush; the regeneration index was determined by measuring the
1 h. Protein bands were visualized by the ECL detection kiength of the longest SCG-10 decorated axons from the crush site
(Amersham, USA) on the chemiluminometer reader LAS-300QAbe et al., 2010 The length of SCG-10+ axons was measured
(Fuji, Japan) and analyzed using densitometry image softwarey a person blind to the experimental conditions in every third
The levels of proteins were normalized to the value of naive DRGection using a NIS-Elements image analysis system (Nikon,
which was arbitrarily set as one. Czechia).

Real Time RT-PCR .

The expression of GAP-43 and SCG-10 mRNAs in DRG wag.I vitro Assay of Ipcreased Axonal

analyzed by real-time PCR (RT-PCR). Whole DRG from eacRutgrowth of Cervical DRG Neurons

group of rats ¢ = 3 for each group in three independent Induced by Sciatic Nerve Lesion

experiments) were removed under aseptic conditions froman in vitro culture of dissociated DRG neurons was prepared
lumbar (L4-L5) and cervical (C6-C8) segments of both sidesiccording to a modified protocol Ghristie et al., 2070
collected as ipsilateral and contralateral samples and stor&@ham-operated rats(= 4) and rats operated by SN@ € 4)

in RNA later (Thermo Fisher Scientific, Inc., Waltham, MA, or CSNT 1 = 4) for 7 days were deeply anesthetized by an
USA) at 4C. First-strand synthesis was performed usingntraperitoneal application of sodium pentobarbital (70 mg/kg)
TagMari High Capacity RNA-to-cDNA Kit and the quality and killed by decapitation. The DRG of lumbar (L4-L5) and
and concentration evaluated by optical density using NanoDropervical (C6-C8) segments were removed bilaterally under
PCR amplification, in triplicate for each sample, was performedseptic conditions following laminectomy. The samples were
using ABI Prism 7300, TagMan Gene Expression Master collected in ice-cold C&/Mg*°-free Hank's buffered salt
Mix, and TagMar Gene Expression Assay Probes FAM solution (CMF-HBSS, Sigma Aldrich), and the spinal roots and
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) for the connective tissues were removed.

target genes GAP-43 (assay ID-Rn01474579_m1) and SCG-10DRG were then dissociated by incubation in medium
(assay ID—Rn00584886_m1). Determinations were made wifontaining 0.1% collagenase type | (5,000 U/ml) for 90 min
reference to the reporter gene encoding rat actin (actinfollowed by 0.25% trypsin/EDTA at 3C for 25 min. The
beta—Rn00667869_m1) Endogenous Control (V)C The DRG suspension was prepared by triturating through glass
polymerase activation step at @ for 15 min was followed by pipette tips, washed twice with Dulbecco's Modified Eagle's
40 cycles of 15 s at 95 and 60 s at 6. The validity of the Medium/Nutrient F-12 Ham (DMEM/F12) supplemented with
results was checked by running appropriate negative controls0% fetal bovine serum (FBS; all from Sigma Aldrich) and
(water instead of cDNA by for PCR amplification; omitting the suspension was spun for 5 min at 1,500 rpm a.4The
reverse transcriptase for cDNA synthesis). Specific mRNA levaislls were resuspended and placed into a culture medium of
were calculated after normalizing to actin mRNA in each sampledbMEM/F12 supplemented with 2 mM glutamine, 100 U/ml
Relative expression was determined using the Comparative ®enicillin and 100ng/ml Streptomycin (all from Sigma Aldrich),
Model (DD Ct) with actin as the housekeeping gene. Data werf2 and B27 (ThermoFisher Sci., diluted according to the
presented as relative mRNA units compared with control valuesanufacturer's instructions). The cells were re seeded at a density

(expressed as fold over naive value). of 200 cells on glass cover slips previously coated with GEltrex
. . . (ThermoFisher Sci.).

In vivo Assay of Axon Regeneration in Cultures were incubated at 3Z in a humidified atmosphere

Crushed Ulnar Nerve containing 5% CQ@for 2 days, washed in PBS, fixed by Zamboni

Rats with prior operation on SNOn(= 6) or CSNT 6 = 6) for  solution for 20 min and immunostained with mouse arti-
7 days were re-operated to expose and mobilize a short segméumbulin [l primary antibody (Sigma, 1:500) overnight at@.
of the right ulnar nerve. The right ulnar nerve was also mobilized'he cells were then washed in PBS followed by incubation with
in a control group without any previous sciatic nerve injury goat anti-mouse TRITC-conjugated secondary antibody (Life
(n = 6). The ulnar nerve was then crushed using a clamp of @echnologies, 1:1,000) for 90 min. Finally, cells were washed
defined force of 1.9 N for 2 1 min (Ronchi et al., 200under in PBS, stained with Hoechst 33342 to detect cell nuclei and
a stereoscopic microscope. The distal margin of the crush injumnounted in a Vectashield aqueous mounting medium (Vector
was indicated with a 10-0 epineurial suture and the skin wound.aboratories, Burlingame, CA, USA). Three slides for each
was closed with 5/0 sutures. experimental group were analyzed under a Nikon Eclipse NI-E
To investigate peripheral axon regeneration, the ulnar nervespifluorescence microscope equipped with a Nikon DS-Ril
were removed 1 day after the crush injury following pericardiatamera (Nikon, Prague, Czechia) using a 10bjective by a
infusion with Zamboni fixative solution and ulnar nerve samplesperson blind to the experimental conditions.
were fixed by immersion in Zamboni fixative solution overnight.  To analyze neurite outgrowth and length, digital images of
After washing with 10% sucrose in PBS, longitudinal cryostat least 100 randomly selected nucleate neurons per cover slip
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were acquired. Neurites longer than the diameter of the neuronaach group). The length of regenerated SCG10+ axons was
bodies were analyzed in digital pictures converted to grayscale fassessed on longitudinal cryostat sectionsr(h® thick) 1 day
better visualization. Neurite outgrowth initiation was quantified after the ulnar nerve crush and intrathecal injection of ACSF
as the number of neurites per neuron counted using the Coundr AG490 as described above. In addition, cryostat sections of
and Taxonomy module of NIS- Elements software (Nikoncervical DRG (C6-C8) ipsilateral to the ulnar nerve crush were
Prague, Czechia). Axonal elongation was analyzed by taking tdeuble immunostained for GAP-43 and STAT3 and analyzed
total length of neurites per neuron when axons of individualusing a NIS-Elements image analysis system (Nikon, Czechia) as
neurons were traced and measured using the Neurite Tracelescribed above.

Plugin for ImageJ Kool et al., 2008 The mean number of

neurites per neuron and total neurite length per neuron wereEnzyme-Linked Immunosorbent Assay

calculated from triplicate experiments and data were present J&|_|SA) of IL-6 in Rat Plasma

mean  SD. Three naive rats and those operated on to create SNC or
) ) ) CSNT for 1, 3, and 7 daysn(= 3 for each group), as
In vivo Assay of Axon Regeneratlon in the well as sham-operated rats for i 3) and 7 o = 3)
Crushed Ulnar Nerve and Changes in the days were sacrificed by GQnhalation. Blood samples were
Pro-regenerative State of Cervical DRG obtained by intracardiac puncture and collected into tubes

Neurons After Intrathecal Injection of IL-6 gon_taining heparin and protease inhibitor coc_ktail _(LaRoche,
. witzerland). Plasma was separated by centrifugation (23500
or JAK2 Inhibitor AG490 for 12 min) and stored at 60 C until analyzed. Total protein
Recombinant rat IL-6 protein (R&D Systems) was dissolved i35 measured by Nanodrop ND-1000 (Thermo Scientific) and
artificial cerebrospinal fluid (ACSHylden and Wilcox, 1980at  the level of IL-6 protein was assessed using an ELISA kit
20 ng/10m. AG490 (Sigma), an inhibitor of JAK2, was dissolvedyith a sensitivity of 5 pg/ml (BioSource International, USA)
in ACSF at a concentration oftsM. _ according to the manufacturer's instructions. Measurement was
A solution of IL-6 (10m) or ACSF (10ml) along with  carried out on a SUNRISE Basic microplate reader (Tecan,
a further 10m ACSF was injected via a micro syringe intosa|zhurg, Austria) and the data were normalized as picograms
the lumbar subarachnoid space of intact rats< 2 for each f || protein to 100mg of total protein. IL-6 protein levels
group). Animals were left to survive for 1 day and cervicalyere compared to baseline values in plasma from naive rats,

DRG (C6-C8) were removed following pericardial infusionynich was arbitrarily set as one. Data were expressed as
with Zamboni fixative solution. Longitudinal DRG sections mean SD.

were double immunostained with mouse monoclonal antibody
against GAP-43 (1:500; Sigma, USA) and rabbit polyclonal antstatistical Analyses

STAT3 (Y705) antibody (;:100; Santa Cruz, CA, USA). T_hgtatistical differences between data of immunofluorescence
immunofluorescence reaction was visualized by treatment Witfhensities. western blot analysis and RT-PCR of naive DRG
FITC-conjugated donkey anti-mouse and TRITC-conjugategyerons and DRG neurons of sham-operated rats or rats with
donkey anti-rabbit secondary antibodies (1:100; Millipore, USA5NC and CSNT were tested using a Mann-Whitney U-test
for 90 min at room temperature. Activation and nuclear , < o,05). The same statistical analysis was used to compare
translocation of STAT3 as well as GAP-43 immunofluorescencg _g protein levels in plasma of naive and sham-operated or
intensity were measured using a NIS-Elements image analy$f|c- and CSNT-operated rats. The mean number of neurites
system (Nikon, Czechia) as described previously. per neuron and total neurite length per neuron were compared
To investigatein vivo the role of IL-6 in triggering the petween DRG neurons of sham- and SNC- or CSNT-operated
pro-regenerative state in cervical DRG, the right ulnar nerve wag;s using one-way ANOVA and Tukey'post hoctest to
crushed as described € 8). A solution of IL-6 (10m) or ACSF  jetermine statistical significance. All statistical analyses were

(10 m) along with a further 10m ACSF was then injected via performed using STATISTICA 9.0 software (StatSoft, Inc., Tulsa,
a micro syringe into the lumbar subarachnoid spane=(4 for oK ysa).

each group). The ulnar nerves were removed 1 day later (after
the crush and intrathecal administration of IL-6) and fixed with
Zamboni fixative solution. Axon regeneration was assessed qRESULTS
longitudinal cryostat sections (18m thick) immunostained for . .
SCG-10 and analyzed as described. Immunohistochemical and Western Blot

To test whether the JAK2/STAT3 signaling pathway isAnalysis of GAP-43 and SCG-10 Proteins
involved in inducing the pro-regenerative state of cervical DRGVestern blot analysis of GAP-43 in cervical DRG of rats
neurons after prior sciatic nerve injury, the right sciatic nerve ofurviving 1, 3, 7, and 14 days after SNC showed the protein
8 rats was cut (CSNT). After 7 days, the rats with prior CSNTevel peaked at 7 days with a drop at 14 days when compared
were re-operated to expose and crush the right ulnar nerveo cervical DRG of naive or sham-operated rakg(re 1).
10 m of AG490 solution (5mM) or ACSF (10ml)), along with  Therefore, subsequent analyses illustrating the pro-regenerative
a further 10m ACSF was then injected via a micro syringestate of cervical DRG neurons after sciatic nerve lesions were
into the subarachnoid space of the cisterna magma (4 for  performed in rats 7 days after SNC or CSNT.

Frontiers in Cellular Neuroscience | www.frontiersin.org 5 February 2019 | Volume 13 | Article 11



Dubovy et al. Pro-regenerative State of Remote Neurons

The lumbar and cervical DRG neurons of naive andn GAP-43 immunofluorescence intensity in large neurons
sham-operated rats displayed a low basal level of GAP-4Ban in medium- and small-sized neurons of both lumbar
immunostaining. GAP-43 immunofluorescence increase@nd cervical DRG. Further, a more significant increase
strongly in large and medium-sized neurons of both ipsilaterain GAP-43 immunofluorescence was measured bilaterally
and contralateral lumbar DRG 7 days after SNC and CSNTin lumbar (3.3-2.6 times) than in cervical DRG neurons
Some medium- and small-sized neurons displayed only wedR.5-1.9 times) compared to naive or sham-operated rats.
GAP-43 immunopositivity. Sections of cervical DRG alsdHowever, no significant differences were found between
demonstrated a similar pattern of bilaterally increased GAP-4Bdividual size-classes of neurons in the SNC and CSNT
immunofluorescenceNigure 2). experimental groupsHigure 2M).

Image analysis revealed a bilateral increase of mean GAP-43Basal SCG-10 immunofluorescence was very low or absent
immunofluorescence intensity in all size-classes of neuroria the lumbar and cervical DRG neurons of naive rats. Most
in both lumbar and cervical DRG after unilateral SNCneurons of all sizes in lumbar and cervical DRG of both sides
and CSNT in comparison with naive and sham-operatedlisplayed significantly enhanced SCG-10 immunofluorescence
animals. Sciatic nerve injury induced a greater increasatensity 7 days after SNC and CSNT compared to DRG

FIGURE 2 | Representative pictures of cryostat sections through the DRG from nai@,G), sham-operated (B,H) rats and rats with unilateral sciatic nerve
compression (SNC;C,D,1,J) or complete sciatic nerve transection (CSNTE,F,K,L) for 7 days. The sections of ipsilateralC,E) and contralateral(D,F) DRG of the
L4 spinal segment as well as ipsilatergll,K) and contralateral(J,L) DRG of the C7 spinal segment were incubated under the same conditions with mouse
monoclonal antibody recognizing GAP-43. Scale bars = 75mm. (M) Graph illustrating the mean intensity of GAP-43 immuno uorescence in individual DRG
neuron-size classes of cervical (C6-C8) and lumbar (L4-L5) spinal segments ipsilateral (i) and contralateral (c) to unilateral SNC and transection (CSNT) for 7 dayp;

n = 6 for each group. Neurons A 40 nm; Neurons B 25-40mm; Neurons C 25 mm. Signi cant difference < 0.05) compared to naive or sham-operated rats
in a Mann-Whitney U-test.
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FIGURE 3 | Representative pictures of cryostat sections through the DRG from naiv@,G), sham-operated (B,H) rats and rats with unilateral SNQC,D,1,J) or
CSNT (E,FK,L) for 7 days. The sections of ipsilateraC,E) and contralateral(D,F) DRG of the L4 spinal segment as well as ipsilaterdl,K) and contralateral(J,L)
DRG of the C7 spinal segment were incubated under the same conditions with rabbit polyclonal antibody recognizing superior cervical ganglion-10 (SCG-10). Scale
bars = 75 nm. (M) Graph illustrating the mean intensity of SCG-10 immuno uorescence measured in individual DRG neuron-size classes of cervical (C6-C8) and
lumbar (L4-L5) spinal segments ipsilateral (i) and contralateral (c) to unilateral SNC and transection (CSNT) for 7 days6 for each group. Neurons A 40 mm;
Neurons B 25-40mm; Neurons C 25 mm. Signi cant difference p < 0.05) compared to naive or sham-operated rats in a Mann-Whitney U-test.

from naive or sham-operated rats. However, the increase in days compared to naive or sham-operated controls. Seven
SCG-10 immunofluorescence intensity was lower than fodays after SNC or CSNT, the levels of GAP-43 protein were
GAP-43 (approximately 1.8-2 times in lumbar and 1.4-2.3 timemmcreased bilaterally in the lumbar and cervical DRG about two-
in cervical DRG;Figures 3A-L1). Moreover, image analysis to-three times compared to naive and sham-operated controls.
of SCG-10 immunofluorescence intensity did not show anyAs was expected, GAP-43 protein levels shot up significantly in
preferential increase among individual size-classes of DRIBmbar DRG after CSNT than SNC. Levels of GAP-43 protein in
neurons Figure 3M). cervical DRG also increased significantly compared to controls,
The increased levels of GAP-43 and SCG-10 proteins inducdmlit the elevation was not to the extent seen in lumbar DRG
by SNC and CSNT and detected in the lumbar and cervicdFigures 4A,B.
DRG of both sides by quantitative immunohistochemistry were GAP-43 is activated by protein kinase C-mediated
verified by western blot analysis. Total GAP-43 and SCG-1phosphorylation at serine 41 (S41) that promotes the
proteins were also significantly increased bilaterally in botlpolymerization and stabilization of filamentous actin (F-actin)
lumbar and cervical DRG after unilateral SNC and CSNT forelated to axon growth and sproutingT¢ai et al., 2007
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FIGURE 4 | Results of western blot analysis of GAP-43, pGAP-43 and
SCG-10 protein levels in DRG of L4-L5 (L) and C6-C8 (C) segments removed
from ipsilateral (i) and contralateral (c) sides of naive as well as sham-, SNC-
and CSNT-operated rats for 7 days. Upper pane(A) illustrates representative
western blots of DRG from three rats for each group. Equal loading of proteing
was con rmed by actin levels (Actin). The same Actin controls were used for
(Continued)

FIGURE 4 | Continued

analysis of GAP-43, pGAP-43 and SCG-10 protein levels in this set
representative western blots. Lower panel¢B) show densitometry of
individual protein bands after normalization to actin from three independent
experiments; the intensities of the bands from naive DRG were as arbitrarily
setto 1. Signi cant difference < 0.05) when compared to sham-operated
rats; TSigni cant difference p < 0.05) compared to contralateral DRG in a
Mann-Whitney U-test.

Although in our experiments we used an antibody recognizing
both unphosphorylated and phosphorylated GAP-43, the
western blot analysis verified levels of activated GAP-43 using a
specific antibody against phosphorylated GAP-43 (pGAP-43).
The results demonstrated that activated pGAP-43 was increased
bilaterally not only in lumbar but also in cervical DRG after
SNC or CSNT compared to naive or sham-operated controls.
The magnitude of pGAP-43 increase was very similar to the
increased GAP-43 levels. However, in contrast to significantly
higher GAP-43 protein levels in ipsilateral than contralateral
lumbar DRG after both SNC and CSNT, pGAP-43 protein level
was significantly higher only in ipsilateral lumbar DRG after
CSNT Figures 4A,B.

In contrast to GAP-43 and pGAP-43, the increase in levels of
SCG-10 was less marked (about 1.5-1.8-fold) and the increase
was more or less the same on both sides. Moreover, no
significant differences in SCG-10 levels were found in lumbar
DRG from SNC- and CSNT-operated animals. Similar protein
levels of SCG-10 were also measured in cervical DRG after
SNC and CSNT, as in the case of GAP-43 and pGAP-43
(Figures 4A,B.

RT-PCR Analysis of GAP-43 and SCG-10

MRNA

RT PCR was used to determine the levels of the relevant GAP-43
and SCG-10 mRNA in cervical and lumbar DRG 7 days after

unilateral sciatic nerve injury by SNC or CSNT. Samples of

cervical and lumbar DRG from sham-operated animals displayed
no significant changes in SCG-10 and GAP-43 mRNA levels

compared to naive controls.

Levels of GAP-43 and SCG-10 mRNAs were significantly
increased bilaterally in both cervical and lumbar DRG 1 week
following sciatic nerve injury by SNC or CSNT compared to
naive or sham-operated controls. GAP-43 mRNA increased
bilaterally in lumbar DRG to a higher level after CSNT than SNC.
However, a statistically significant difference between ipsilateral
and contralateral lumbar DRG was found only in the CSNT
group. In contrast to lumbar DRG, cervical ones displayed a
bilateral increase of GAP-43 mRNA that was greater after SNC
than after CSNT.

Similar to the GAP-43 and SCG-10 protein results, RT-PCR
revealed a substantially smaller increase in SCG-10 mRNA
levels in lumbar DRG (only up to 2.6-fold of sham-operated
controls) than was measured for GAP-43 mRNA. Levels of
SCG-10 mRNA were higher bilaterally in lumbar DRG after
CSNT than after SNC, but the differences were not statistically
significant. Both SNC and CSNT induced an approximately
similar elevation of SCG-10 mRNA in cervical DRG of

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2019 | Volume 13 | Article 11



Dubovy et al. Pro-regenerative State of Remote Neurons

FIGURE 6 | Representative pictures of cervical (C7) DRG neurons of intact
rats (A-D) and rats 7 day after sham-(B,E) or SNC-operation(C,F). DRG
sections were immunostained for p-cJun(A-C) and p-p38 (D-F). Scale

FIGURE 5 | Results of real-time PCR (RT-PCR) of relative GAP-43) and bars = 40 nm. (G) Graph illustrating mean immuno uorescence intensity of

SCG-10 (B) mRNA levels in DRG of lumbar (L4-L5) and cervical (C6-C8)
spinal segments of removed from ipsilateral (i) and contralateral (c) sides of
Naive as well as sham-, SNC- and CSNT-operated rats for 7 daysy = 6 for
each group. Relative expressions were determined using Actin as the

activated p-cJun (red columns) and p-p38 (green columns) in cervical DRG
neurons of naive, sham, and SNC groups. SNC induced activation of p-cJun
and p-p38 (arrowheads,C,G). Signi cant difference ¢ < 0.05) compared to
naive or sham-operated rats in a Mann-Whitney U-test.

housekeeping gene and normalized to naive controls.Signi cant difference
(p < 0.05) compared to sham-operated rats in a Mann-Whitney U-test.

Axon Regeneration Assay in Crushed

Ulnar Nerve After Prior Sciatic Nerve Injury
both sides compared to naive and sham-operated controlBhe axonal regeneration capacity of cervical DRG neurons was
(Figure 5). investigated in longitudinal sections of one-day-old crushed
ulnar nerves by immunostaining for SCG-10—a specific marker
for regenerated axons of primary sensory neurogkif et al.,
2019. Axon regeneration index expressed as SCG-10+ axon
extension from the point of nerve crush was greater in SNC- and
CSNT-operated rats compared to control rats with only ulnar
nerve crushfigures 7A,B.

Sciatic Nerve Lesion Induced Activation of

cJun and p38 MAPK in Cervical DRG

Neurons

To confirm the sciatic nerve injury-induced pro-regenerative

state of cervical DRG neurons demonstrated by GAP-4f{1 .
and SCG10 analyses, activation of p-cJun and p-p38 MAP vitro -Assay of Axonal Outgrowth

was also investigated. Basal p-cdun and p-p38 MAPkapacity of Cervical DRG Neurons After
immunofluorescence was very low in cervical DRG neurons dbciatic Nerve Injury

naive and sham-operated rats. Sciatic nerve lesion increas€de increased capacity of cervical DRG neurons to regenerate
immunofluorescence intensity of both p-cJun and p-p38 MAPKtheir axons after prior sciatic nerve injury was verified by an
in the nuclei of cervical DRG neurons. Further, a higher intensityn vitro assay of neurite outgrowth in DRG neurons taken from
of p-p38 MAPK immunofluorescence was seen in the soma atham-, SNC- and CSNT-operated ratSigures 8A-H. The
neurons Figure 6). diameter of neuronal bodies cultivated vitro was between
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FIGURE 7 | (A)Representative longitudinal sections through the ulnar
nerves distal to the crush site (solid line) showing SCG-10 positive
regenerated axons. Arrows indicate the tip of the longest SCG-10 positive
axons. The ulnar nerves were removed after 1 day from control rat (only ulnal
nerve crush) and from rats 7 days after prior SNC or CSNT. Scale bars =
100 mm. (B) The top portion of the graph illustrates mean length of
regenerated SCG10+ axons SD in the ulnar nerve 1 day after crush in rats
without a sciatic nerve injury (Control) and following 7 days from SNC or
CSNT; n = 6 for each group. Signi cant difference p < 0.05) compared to
control. The middle portion illustrates mean length of regenerated SCG10+
axons SD in the ulnar nerve 1 day after crush and intrathecal injection of
10 ml of arti cial cerebrospinal uid (ACSF) or IL-6 (20 ng/10m); n = 4 for
each group. Signi cant difference p < 0.05) compared to control. The
bottom portion illustrates mean length of regenerated SCG10+ axons SD in
the ulnar nerve 1 day after crush 7 days from prior CSNT and intrathecal
application of ACSF (CSNT+ACSF) or JAK2 inhibitor (CSNT+AG490);

n = 4 for each group. *Signi cant difference < 0.05) compared to
CSNT+ACSF group in a Mann-Whitney U-test.

25 and 45nmm, thus encompassing all morphological classes of
DRG neurons.

The mean number of neurites per neuronal body of cervical
and lumbar DRG taken from sham-operated rats was very
similar. Compared to cervical DRG neurons of sham-operated
rats, the number of neurites sent off by cervical DRG neurons
taken from SNC- and CSNT-operated rats was significantly
higher. Surprisingly, cervical and contralateral lumbar DRG
neurons displayed higher neurite outgrowth than lumbar DRG
neurons ipsilateral to CSNT (7.0 2.1 and 7.0 1.7 compared
to4.6 1.5;Figure 8G).

The total length of neurites per neuron was significantly larger
in neurons from lumbar DRG of both sides and those cultivated
from cervical DRG 7 days after SNC. Seven days after CSNT, the
total neurite length per neuron was significantly larger in neurons
cultivated from cervical and contralateral lumbar DRG, but not
in neurons cultivated from ipsilateral lumbar DRGigure 8H).

IL-6 Protein Level in Plasma

IL-6 protein levels increased significantly in the plasma of
sham-operated rats at 3 days but returned to normal by 7 days
after treatment. Plasma IL-6 levels were elevated also in SNC and
CSNT rats at 1 and 3 days but dropped back close to normal
7 days after sciatic nerve lesiorisdure 9). These IL-6 plasma
level measurements are consistent with our previous results
following SNC Dubovy et al., 200)3and indicate that IL-6 in the
blood is likely not inducing the pro-regenerative state in cervical
DRG neurons 7 days after sciatic nerve lesion.

Axon Regeneration Assay in Crushed
Ulnar Nerve and Changes in the
Pro-regenerative State in Cervical DRG
Neurons After Intrathecal Application of
IL-6 and JAK2 Inhibitor

To investigate if IL-6 is responsible for activation of the
pro-regenerative state of rat cervical DRG neurons, we
intrathecally applied IL-6. We showed previously that intrathecal
application of IL-6 induced activation and nuclear translocation
of STAT3 in DRG neurons Qubovy et al., 2019a In the
present experiments, we observed that intrathecal injection of
IL-6 increased not only the activation of STAT3 but also the
expression of GAP-43 in intact DRG neurons. In contrast,
application of AG490 after CSNT and ulnar nerve crush resulted
in decreased STAT3 activation and expression of GAP-43 in
cervical DRGFigure 10.

In addition, we measured the lengths of SCG-10+ regenerated
axons distal to the ulnar nerve crush following intrathecal IL-6
application. The regenerated axons were significantly longer
compared to control ulnar nerve crush or nerve crush and
subsequent intrathecal injection of ACSHdure 7B, the middle
portion). The pro-regenerative state of neurons is mediated
by phosphorylation of STAT3 at the Y705 position by JAK2
(Schwaiger et al., 2000; Qiu et al., 2005; Niemi et al.,)2@dlEen
an inhibitor of JAK2 (AG490) was applied intrathecally in rats
with ulnar nerve crush for a day following prior CSNT, SCG-10+
regenerated axons were significantly shorter compared to those
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FIGURE 8 | (A-F)Representative pictures of cervical (C6-C8) and lumbar (L4-L5) DRG neurons of the ipsilateral side dissociated and culturedtro after removing
of DRG from sham-, SNC- or CSNT-operated rats for 7 days. The DRG neurons were xed and immunostained fbHI-tubulin after 2 days ofin vitro incubation.
Scale bars = 75mm. The graphs illustrate mean number of neurite§G) and total neurite length(H) per neuronal body ofin vitro cultivated DRG neurons of cervical
(C6-C8) and lumbar (L4-L5) spinal segments from the ipsilateral (i) and contralateral (c) sides removed from sham-, SNC- and CSNT-operated mats4( for each
group). At least 100 randomly selected neurons with nuclei per cover slip were measuredSigni cant difference p < 0.05) compared to sham-operated controls in a
Mann-Whitney U-test.

of the rats subjected to CSNT and subsequent ulnar nerve crusholecules I{la and Willis, 201% For example, regeneration-
and intrathecal injection only of ACSH-igure 7B the bottom associated proteins like GAP-43 and SCG-10 are frequently used

portion). as molecular markers of the pro-regenerative state of neurons
induced by experimental nerve injury. The DRG neurons are
DISCUSSION a useful model for studying the induction of the regeneration-

associated program marked by increased levels of GAP-43 and
Activation of the neuronal regenerative program after axorSCG-10 mRNA and proteinMason et al., 2002; Shin et al.,
injury is an important prerequisite for useful reinnervation and2014. The DRG neurons of naive rats display a low basal
functional recovery. This pro-regenerative status of the neurongvel of GAP-43 or SCG-10 immunostaining that is significantly
is linked with the upregulation of regeneration-associatedncreased in the neuronal bodies over a long period after sciatic
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FIGURE 9 | IL-6 protein levels in the plasma of naive, sham-, SNC- and
CSNT-operated rats o = 3 for each group). Blood samples of sham-operated
rats were obtained 3 (3D) and 7 (7D) days after surgical treatment and those
from SNC- and CSNT-operated rats were obtained 1 (1D), 3 (3D), and 7 (7D)
days after operation. Signi cant difference P < 0.05) compared to baseline
levels of naive rats in a Mann-Whitney U-test.

nerve injury Stewart et al., 1992; Schreyer and Skene, 1993; S
etal., 2014; Dubovy et al., 20}8b

GAP-43 immunostaining is a widely used marker for
regenerating axons in experimental models of peripherg
nerve injury. Apart from regenerating axons, intense GAP-4
immunoreactivity is also present in Schwann and Schwann
derived cells Rlantinga et al., 1993; Dubovy and Aldskogius
1996. This GAP-43 immunostaining of Schwann cells associate
with regenerated axons makes their detection difficult, especial
during early periods of axon regeneratianubovy et al., 2018b
In contrast to GAP-43, SCG-10 is transported from the som
to the proximal axonal stump very early after axotomy, whereg
it is rapidly lost in distal axon stumpsT@araruk et al., 2006;
Shin et al., 2012, 20).4In contrast to GAP-43, which labels
regenerated axons after 3 day( Shalom and Yaron, 2014
SCG-10 immunostaining is rapidly increased in proximal axong
stumps and regenerating sprouts within hours after axotom
(Shin et al., 2012, 20).4Moreover, SCG-10 is a marker for
regenerated sensory axons of injured peripheral neng@sn(
et al., 201}t Therefore, we monitored GAP-43 and SCG-10
MRNA and protein to prove the pro-regenerative state of DR(Q
neurons, and SCG-10 was used to assess axon regeneration d
to ulnar nerve crush after 1 day.

Unilateral Sciatic Nerve Lesion Induced
Pro-regenerative State in Both Lumbar and
Cervical DRG

Subpopulations of rat DRG neurons can be classified accordir
their size, their cytological, chemical and physiological propertig
(Lawson, 200 and behave differently with respect to their
regeneration capacity as well as the expression of molecu
regeneration markersBpnilla et al., 2002; Leclere et al., 2007
Shin and Cho, 2017 Classically, DRG neurons are divided

FIGURE 10 | Representative pictures of cervical (C7) DRG neurons of intact
rats (A-D) and rats 1 day after the ulnar nerve crush following 7 days from
CSNT (E-H). In intact rats, 10m of ACSF(A,C) or IL-6 (B,D) were
intrathecally applied for 1 day. Cervical DRG were also removed from rats wit
CSNT for 7 days, a subsequent ulnar nerve crush for 1 day and intrathecal
injection of 10m of ACSF(E,G) or AG490 (F,H). DRG sections were
immunostained for STAT3(A,B,E,F) or double immunostained(C,D,G,H) for
STAT3 (red uorescence) and GAP-43 (green uorescence). Intrathecal
injection of IL-6 induced activation and nuclear translocation of STAT3
(arrowheads,B,D) as well as increased immunostaining for GAP-43 in
neurons (arrows,D) when compared with ACSF treatmen{C). Cervical DRG
(Continued)

into large-, medium- and small-sized_gwson et al., 19)4
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FIGURE 10 | Continued

neurons of rats following the ulnar nerve crush 7 days after CSNT displayed
activation and nuclear translocation of STAT8E,G) and intense GAP-43
immuno uorescence in the neurons when injected with ACSFG, arrowheads
and arrows, respectively) while intrathecal application of AG490 resulted in a
marked reduction of STAT3 activation and GAP-43 immunostainingFH).
Scale bars = 40nm. (I) Graph illustrating mean immuno uorescence intensity
of activated STAT3 and GAP-43 in cervical DRG neurons of intact rats
following intrathecal application of ACSF or IL-6 for 1 day and rats with CSNT|
for 7 days and intrathecal injection of ACSF or AG490.Signi cant difference
(P < 0.05) compared with ACSF-treated rats in a Mann-Whitney U-test.

Increased in vivo and in vitro Axon
Regeneration Capacity of Cervical DRG

Neurons Con rmed Their Pro-regenerative

State Induced by Prior Sciatic Nerve

Lesion

While SCG-10 increases only in the proximal stumps of
afferent axons$hin et al., 2014 we also measured SCG-10 in
regenerated peripheral arms of afferent axons associated with
cervical DRG neurons distal to the ulnar nerve crush. SCG-10
immunopositive axons displayed a significantly greater length
from the point of ulnar nerve crush after prior SNC or CSNT

and may also be identified by further molecular phenotyping]ﬁhan in controls without the conditioning lesion. These results
Quantitative immunohistochemical staining revealed increasedlemonstratedin vivo the enhanced pro-regenerative state of
GAP-43 and SCG-10 immunofluorescence in both lumbar angervical DRG neurons corresponding with increased levels of
cervical DRG neurons ipsilateral as well as contralateral t6AP-43 or SCG-10 induced by the conditioning sciatic nerve
the SNC or CSNT. Detailed image analysis showed that tHesion.

predominant increase of GAP-43 immunofluorescence intensity Neurite outgrowth assays are used to assess the effects of
was seen in the large-sized neuronal subpopulation of botti vivo manipulations performed prior to removing DRG from
lumbar and cervical DRG. In contrast, a similar elevatioranimals Erey et al., 2015; Al-Ali et al., 2017n our in vitro

of SCG-10 immunofluorescence intensity was observed in aissay, the number of neurites and their total lengths per neuron
size-classes neurons of DRG in the lumbar and cervical spingiere significantly higher in cervical DRG neurons removed from
cord segments. Principally, bilateral increase of GAP-43 ani@ts subjected to SNC or CSNT than those from sham-operated
SCG-10 proteins detected by quantitative immunohistochemicglontrols. The results of thia vitro assay confirmed the enhanced
staining in both lumbar and cervical DRG neurons after sciati¢apacity of cervical DRG neurons to regenerate their neurites
nerve lesion was verified by measuring whole GAP-43 andfter the conditioning sciatic nerve lesion.

SCG-10 protein levels using western blot analysis. Further, it Thus, the axon outgrowth testeéh vivo and in vitro
also revealed that unilateral sciatic nerve lesion induced bilatergfoves the initiation of pro-regenerative state in cervical DRG
elevation of activated (phosphorylated) GAP-43 in both lumbaneurons non-associated with sciatic nerve lesion. Our present

and cervical DRG.

results extend previously published results that unilateral nerve

The pro-regenerative state of DRG neurons in both lumbainjury affects the uninjured contralateral nerve with respect to
and cervical spinal cord segments was confirmed by increas€gpression of inflammatory mediator&(ohonen et al., 2002
levels of GAP-43 and SCG-10 mRNA. Although SCG-10 i#cluding in vivo promotion of axonal regeneration in the
considered a better marker of the pro-regenerative state of DR@ntralateral nerve associated with enhanced cytokine expression

neurons Ghin et al., 2014; Dubovy et al., 20),8increases in
the levels of GAP-43 mRNA and protein were more distinc
compared to naive or sham-operated rats in both lumbar an

in the contralateral DRGRyoke et al., 2000

1L-6 Is a Candidate for Signaling the

cervical DRG after SNC or CSNT for 7 days. Our observatiofr'o-regenerative Neuronal State in

of a bilateral increase in GAP-43 and SCG-10 mRNA an®Remote DRG After Sciatic Nerve Lesion

proteins correlates well with published results indicating thatn response to unilateral sciatic nerve injury, mRNA and protein
NGF mRNA is bilaterally increased in both cervical and lumbatevels of IL-6 and its receptors were enhanced bilaterally in
DRG after unilateral sciatic nerve crusidumann et al., 1987; primary sensory neurons not only in DRG of lumbar segments
Wells et al., 1994 These results suggest that upregulation ofL4-L5) associated with the injury, but also in cervical segments
growth-associated molecules is not restricted to axotomize(C7-C8) not associated with the injured nerverézda et al.,
DRG neurons and probably reflects a systemic response of DRGG13; Dubovy et al., 20).3Upon binding to its membrane-
neurons to unilateral sciatic nerve injuryp(ibovy et al., 2013, bound receptor (IL-6R), IL-6 connects the intracellular regions

2018).

of gp130 to initiate a signal transduction cascade by activating

The expression of regeneration-associated proteins likdgnal transducer and activator of transcription 3 (STATS;
GAP-43 or SCG10 is operated by transcription factors, such &ulenfeld et al., 20)2Activation of STAT3 by JAK2-dependent
c-Jun Ralvich et al., 2004; Frey et al., 2015; Valakh et al.,)201phosphorylation at the tyrosine-705 (Y705) position occurs
or members of the MAPK family, e.g., p38grma et al., 2005; in DRG neurons after a nerve lesion and is mediated by

Temporin et al., 2008; Nix et al., 2011; Law et al., 200&Ir

neuropoietic cytokines including IL-6Schwaiger et al., 2000;

results showing increased levels of GAP-43 and SCG10 as welleu et al., 2000; Qiu et al., 2005; Miao et al., PEIR

as activation of p-cJun and p-p38 in cervical DRG after sciatineurotrophins (Ng et al., 2006; Pellegrino and Habecker,
nerve injury suggested that the pro-regenerative program caf013. We found STAT3 activation and nuclear translocation
be induced in remote cervical DRG neurons 7 days after sciathilaterally in the DRG neurons of both lumbar and cervical

nerve lesion.

spinal cord segments after unilateral SNC or CSNT. Moreover,

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2019 | Volume 13 | Article 11



Dubovy et al. Pro-regenerative State of Remote Neurons

we also proved increased levels of IL-6 protein in the CSHto the subarachnoid space and transported via CSF into the
following nerve injury as well as activation and nuclearemote DRG to activate STAT®(bovy et al., 201§aand this
translocation of STAT3 in DRG neurons along the neuroaxishen induces the neuronal pro-regenerative state.

after intrathecal injection of IL-6 ubovy et al., 2019a It Finally, our results indicate that the pro-regenerative state of
is known that activation of STAT3 by JAK2 phosphorylationcervical DRG neurons illustrates a systemic reaction along the
is a prerequisite for the synthesis of regeneration-associate@uroaxis to unilateral sciatic nerve injury, and that this reaction
proteins like GAP-43 or SCG-10P&todia and Raivich, 20)2 can be mediated by IL-6 and JAK2/STAT3 signaling. Moreover,
and axon regenerationB@reyre et al., 2011; Niemi et al.,the results suggest arole forinflammatory mediators in activating
20186. Intrathecal application of IL-6 in our present experimentsthe neuronal pro-regenerative state without direct retrograde
increased STAT3 activation and GAP-43 expression in cervicakonal transport of signaling molecules from the injured nerve.
DRG neurons, while a JAK2 inhibitor (AG490) decreased

STAT3 activation and nuclear translocation as well as expressigcDONCLUSION

of GAP-43.

Intrathecal delivery of IL-6 promotes regeneration of theln the present study, we have demonstrated that sciatic nerve
central arms of afferent axons into the spinal dorsal cordlesion for 7 days triggers bilateral activation of a pro-regenerative
This then activates the neuronal regeneration program in DRGtate not only in the primary sensory neurons of lumbar DRG
neurons to overcome inhibitors of axon regeneration presenfL4-L5) associated with injured nerve but also in remote cervical
in myelin (Cao et al., 2006 Therefore, in our experiments we DRG. The bilateral activation of the pro-regenerative state in
testedin vivo the effect of intrathecal IL-6 and JAK2 inhibitor DRG neurons anatomically non-associated with the injured
injection on axon regeneration after an ulnar nerve crush tmerve correlates well with our previous observation of bilateral
illustrate the pro-regenerative state of cervical DRG neurongxpression of IL-6 and activation of STAT3. Taken together,
Intrathecal IL-6 injection significantly increased the lengths othese results indicate that the systemic reaction of DRG neurons
SCG-10+ regenerated axons distal to the ulnar nerve crush. to a unilateral nerve lesion along the neuroaxis can be mediated
contrast, intrathecal application of AG490 reduced the lengthby IL-6 and JAK2/STAT3 signaling. This phenomenon can be
of regenerated axons after the ulnar nerve crush following prioactivated also by other molecules released into the CSF of the
unilateral SNC or CSNT. These results suggested a criticaérispinal subarachnoid space by neurons and non-neuronal
role for the JAK/STAT signaling pathway activated by IL-6 incells in DRG associated with the injured nerve.
inducing the pro-regenerative state in remote DRG neurons after
unilateral sciatic nerve lesion. AUTHOR CONTRIBUTIONS
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Abstract

Background: Interaction of CD200 with its receptor CD200R has an immunoregulatory role and attenuates Various
types of neuroinflammatory diseases.

Methods: Immunofluorescence staining, western blot analysis, and RT-PCR were used to investigate the modulatory
effects of CD200 fusion protein (CD200Fc) on activation of microglia and astrocytes as well as synthesis of

pro- (TNF, IL-11L-6) and anti-inflammatory (IL-4, IL-10) cytokines in+th8 kginal cord segments in relation to
behavioral signs of neuropathic pain after unilateral steri@hconstriction injury (sCCl) of the sciatic nerve.
Withdrawal thresholds for mechanical hypersensitivitylatencies for thermal hypersensitivity were measured
in hind paws 1 day before operation; 1, 3, and 7 days s@€I operation; and then 5 and 24 h after intrathecal
application of artificial cerebrospinal fluid or CD200Fc.

Results:Seven days from sCClI operation and 5 h from intrathecal application, CD200Fc reduced mechanical and
thermal hypersensitivity when compared with control animals. Simultaneously, CD200Fc attenuated activation of
glial cells and decreased proinflammatory and increased anti-inflammatory cytokine messar(geRRA) levels.
Administration of CD200Fc also diminished elevation of CD200 and CD200R proteins as a coreaxctigardf the
modulatory system to increased neuroinflammatory reactions after nauwe ifihe anti-inflammatory effect of
CD200Fc dropped at 24 h after intrathecal application.

Conclusions:Intrathecal administration of the CD200R1 agonist CD200Fc induces very rapid suppressipn of
neuroinflammatory reactions associated with glial activation and neuropathic pain development. Toisstitaye a
promising and novel therapeutic approach for the treatment of neuropathic pain.

Keywords:Rat neuropathic pain model, Sterile nerve constriction, Neuroinflammation, Activated gliataiétiesCy
Modulation
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Background Experimental studies have demonstrated that soluble
Peripheral neuropathic pain (PNP), manifesting asCD200 fusion protein (CD200Fc), containing the ecto-
spontaneous pain, arises as a result of many forms oflomain of CD200 bound to a murine IgG2a module, at-
nerve damage, including traumatic nerve injury, dia- tenuates inflammatory diseases and reduces microglial
betic neuropathy, HIV newopathy, and drug-induced activation [32-36]. Nevertheless, our knowledge remains
neuropathy [1, 2]. Among other effects, nerve injury- limited as to the effects of CD200Fc in attenuation of glial
induced PNP is associated with inflammatory reaction cell activation and alteration of pro- and anti-inflammatory
and activation of glial cells in the corresponding spinal cytokines in PNP induced by a peripheral nerve injury.
cord segments [1, 3, 4]. Therefore, the goal of our present study was to explore
Experimental PNP models are predominantly based onwhether intrathecal application of CD200Fc might attenu-
injury to the sciatic nerve, wherein the maximum num- ate activation of glial cells in the spinal cord, modify syn-
ber of neuronal perikarya (9899 %) is localized at the thesis of pro- and anti-inflammatory cytokines, and reduce
L4 and L5 segments [5]. Sterile chronic constriction in- behavioral signs of PNP in the sCCl model. Our results
jury (sCCl) of the sciatic nerve is a model for study of provide the first evidence that CD200Fc administration
cellular and molecular changes inducing PNP after trau-induces rapid attenuation of glial activation and pro-
matic nerve injury with dominant molecular signaling inflammatory cytokine synthesis of the spinal cord in
from Wallerian degeneration [6]. It is well documented relation to reduction of neuropathic pain signs after
that hypersensitivity and ongoing pain due to peripheral experimental nerve injury.
nerve injury are associated with cellular and molecular
changes in the dorsal horn (DH) of the spinal cord re- Methods
lated to activation of microglial cells and astrocytes andAnimals and surgical procedures
alteration of pro- and anti-inflammatory cytokines pro- The experiments were carried out on 120 male Wistar
duced by neurons, activated glia, and invaded immunerats weighing 248250 g at the beginning of experiments.
cells [~12]. There is a growing body of evidence that The animals were housed on 12 h light/dark cycles at
unilateral nerve injury results in bilateral neuroinflam- temperature 2224 °C under specific pathogen-free condi-
matory reaction in the dorsal root ganglia and spinal tions in the animal housing facility of Masaryk University.
cord DH [10, 13-15], thus illustrating signaling from the All surgical procedures were performed by one person
site of Wallerian degeneration to other compartments of under aseptic conditions and deep anesthesia induced by
the nervous system [16]. a xylazine and ketamine cocktail injected intraperitoneally
CD200 is a membrane glycoprotein of the immuno- (xylazine 1.6 mg/kg; ketamine 64 mg/kg). Sterilized food
globulin superfamily with immune suppression effect via and water were available ad libitum. Treatment of the
its receptor CD200R. CD200 has an extracellular portionanimals was in accordance with the European Conven-
with two immunoglobulin domains, typical of proteins tion for the Protection of Vertebrate Animals Used for
involved in cell-to-cell interaction. The CD200 receptor Experimental and Other Scientific Purposes and was
CD200R1 has a similar structure but with an additional supervised by the institutional Ethics Committee of
intracellular domain that is susceptible to phosphorylation Masaryk University in Brno (Czech Republic).
and involved in signal transduction [17, 18]. CD200 is Six naive rats treated with CD200Fc were used to
highly expressed on neurons while CD200R is confineddemonstrate that the CD200R agonist has no effect on
mainly to myeloid cells like macrophages and microgliabasal skin sensitivity, and 18 naive rats were utilized for
[19-23]. In addition, CD200 is expressed in oligodendro- comparison of glial activation by immunohistochemistry,
cytes [23] and astrocytes [23, 24]. The interaction ofwestern blot analysis, and relative cytokine messenger
CD200 with its receptor CD200R plays a significant roleRNA (mRNA) levels. The left sciatic nerve was exposed
in maintaining microglia in a quiescent or resting state at mid-thigh and three silk ligatures (Ethicon-) were
and attenuates various types of neuroinflammatory dis-applied to reduce the nerve diameter by one third in the
eases [19, 25, 26]. It has been demonstrated that mice withats undergoing sCCl{=72). The left sciatic nerves of
levels of CD200 increased by spontaneous mutation in the24 sham-operated rats were only exposed without any
WId gene have less activated monocytes and increasingerve lesion. Sham- and sCCl-operated animals were left
expression of IL-10 in the central nervous system follow-to survive for 7 days.
ing induction of experimental autoimmune encephalomy-
elitis [27]. Conversely, CD200 mice have been shown Administration of CD200Fc and vehicle
to display myeloid cell dysregulation, enhanced susceptiAt day 7 of sCCI operation, the rats were randomly
bility to experimental autoimmune encephalomyelitis [28], divided into groups with intrathecal administration of
and microglial activation [29]. Furthermore, CD200R ex- CD200Fc for 5 h (=18; sCCl+ CD200Fc5h) and 24 h
pression can be modulated by IL-4 and IL-13 [30, 31]. (n=18; sCCIl + CD200Fc24h) as well as a control group
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with intrathecal application of artificial cerebrospinal cord segments were cut (Leica 1800 cryostat; Leica
fluid (ACSF) for 5 h 6=18; sCCI+ACSF5h) and 24 h Microsystems, Wetzlar, Germany), collected on gelatin-
(n=18; sCCIl + ACSF24h). CD200Fc (Cat. No. 3355-CDgoated microscopic slides, air-dried, then processed for
R&D Systems, Minneapolis, MN, USA) was freshly pre-immunohistochemical staining.

pared in sterile ACSF [37]. The single intrathecal injection Briefly, the sections were washed with PBS containing
was administered by introducing a hypodermic needle0.05 % Tween 20 (PBS-TW20) and 1 % bovine serum
into the subarachnoid space of the cisterna magna for dif-albumin for 10 min, then treated with 3 % normal don-
fusion of CD200Fc (51; 2 g/ 1) or sterile ACSF (5 1) key serum in PBS-TW20 for 30 min. The spinal cord
throughout the spinal fluid over 30 s with another 30-s sections were incubated with 25| of mouse monoclonal
delay before removing the needle. To explore the effect ofanti-CD11b/c antibody (OX42, 1:50; AbD Serotec,
surgical approach on inflammatory reaction in the spinal Kidlington, UK) or rabbit polyclonal anti-glial fibrillary
cord, sham-operated rats were treated with ACSF (§ acidic protein (GFAP, 1:250; Dako, Glostrup, Denmark)
for 5 h (n=18) and 24 h (=6, only for behavioral test). A in a humid chamber at room temperature (2223 °C)
direct effect of CD200Fc on basal sensitivity was tested irovernight or for 180 min to identify activated microglial
six naive rats treated with CD200Fc (3; 2 g/ I) for 5 cells and astrocytes, respectively. The immunoreaction

and 24 h. was visualized by treatment with FITC-conjugated
affinity purified donkey anti-mouse or anti-rabbit sec-
Behavioral tests ondary antibodies (1:400; Merck Millipore) for 90 min

Withdrawal thresholds for mechanical and thermal at room temperature. A part of sections was incubated
hypersensitivity were measured in ipsilateral hind pawsovernight with mouse monoclonal anti-CD200 antibody
using a dynamic plantar esthesiometer and plantar tesf{OX2, 1:100; Abcam) and treated with FITC-conjugated
(Ugo Basile), respectively. Rats were first acclimated imonkey anti-mouse (1:400; Merck Millipore) secondary
clear Plexiglas boxes for 30 min prior to testing. The antibody. Spinal cord distribution of CD200R was de-
paws were tested alternately with 5-min intervals be-tected by immunostaining of sections with goat polyclonal
tween tests 1 day before operation; 1, 3, and 7 days aftaanti-CD200R (OX2R, 1:200; Santa Cruz Biotechnology,
sCCI operation; and then 5 and 24 h after intrathecal Inc. USA) antibody and biotinylated donkey anti-goat
ACSF or CD200Fc treatment. Six naive rats were testedecondary antibody (1:400; Santa Cruz Biotechnology,
at 5 and 24 h after intrathecal administration to investi- Inc. USA). Immunoreaction was visualized by TRITC-
gate a possible CD200Fc effect on basal sensitivity of arconjugated streptavidin (1:100; Jackson Laboratories,
imals. Five measurements were taken for each paw anthc. USA). The control sections were incubated with
test session. In the case of thermal hypersensitivity, with-omission of the primary antibodies (data not shown). The
drawal time was measured and the intensity radiancecell nuclei were stained using Hoechst 33342 (Sigma; St.
was set at value 50. Data for mechanical and thermalouis, MO, USA). Sections were mounted in Vecta-
hypersensitivity were expressed as mean* SE of withshield aqueous mounting medium (Vector Laboratories;
drawal thresholds in grams and withdrawal latency in Burlingame, CA, USA) and then observed and analyzed
seconds, respectively. All behavioral tests were conductedsing a Leica DMLB epifluorescence microscope equipped
in a blind manner. with a Leica DFC-480 camera (Leica Microsystems
GmbH, Wetzlar, Germany).
Immunohistochemical staining
The naive rats and sCCl-operated rats treated with ACSFDouble immunofluorescence staining
or CD200Fc for 5 and 24 h, as well as sham-operated ando detect cellular localization of CD200 and CD200R
ACSF-treated rats (=6 for each group) were deeply proteins in the spinal cord, simultaneous immunostaining
anesthetized with a lethal dose of sodium pentobarbitalof CD200 or CD200R with corresponding cellular markers
(70 mg/kg body weight, i.p.) and perfused transcar-was carried out. Activated astrocytes and microglial cells
dially with 500 ml of heparinized (1000 units/500 ml) were identified by immunostaining for GFAP and OX42,
phosphate-buffered salim (PBS; 10 mM sodium phos- respectively (see above). Immunofluorescence staining
phate buffer, pH 7.4, containing 0.15 M NacCl) followed with rabbit polyclonal NeuN antibody (1:500; Merck
by 500 ml of Zambon’s fixative [38]. The L4L5 spinal Millipore) was used to identify neurons of the spinal
cord segments were removed, immersed separately iDH. Briefly, the spinal cord sections were immuno-
Zambonlis fixative at 4 °C overnight, and then collected stained for CD200 (see above), and after washing, the
for each experimental group. The samples were washed isections were immunolabeled with rabbit polyclonal
20 % phosphate-buffered sucrose for 12 h and blocked iranti-GFAP or NeuN antibody and TRITC-conjugated
Tissue-Tek® OCT compound (Miles, Elkhart, Ind.).donkey anti-rabbit (1:400; Merck Millipore) secondary
Serial transverse sections (12n) of the L4-L5 spinal antibody. Other sections were incubated at first to
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visualize distribution of CD200R and then for detection of The fresh tissue samples of E45 spinal cord seg-
activated microglial cells using mouse monoclonal OX42ments from six animals for each group were homoge-
antibody and FITC-conjugated donkey anti-mouse sec-nized in PBS containing 0.1 % Triton X-100 and
ondary antibody (see above). The control sections of theprotease inhibitors (LaRoche, Switzerland) and then
double immunostaining were incubated as describedcentrifuged at 10,000 for 5 min at 4 °C. Proteins were
above but with omission of CD200 or CD200R antibodies.separated by SDS-polyacrylamide gel electrophoresis
In the controls, no immunostaining for CD200 or CD200R [39] and transferred to nitrocellulose membranes by
was detected in the spinal cord sections. electroblotting (Bio-Rad). Blots were blocked by 5 %

To detect CD200R in activated astrocytes, the sectionsnilk-TBST for 1 h and incubated with mouse monoclonal
immunostained for CD200R using goat polyclonal anti- OX42 antibody (1:300; AbD Serotec), rabbit polyclonal
body and biotin-streptavidin TRITC were next immuno- anti-GFAP (1:250; DAKO), goat polyclonal anti-CD200
labeled with rabbit anti-GFAP polyclonal antibody and (1:100; Santa Cruz Biotechnology), or anti-CD200R anti-
FITC-conjugated donkey anti-rabbit secondary antibody body (1:100; Santa Cruz Biotechnology) at 4 °C for 18 h.
(see above). The control sections were incubated withBlots were washed in PBS-TW20 and incubated with
the goat anti-CD200R polyclonal antibody and FITC- secondary antibody (goat anti-mouse or anti-rabbit, 1:1000,
conjugated donkey anti-rabbit secondary antibody orImmunotech; anti-goat, 1:8000, Bio-Rad), at room
with rabbit anti-GFAP polyclonal antibody, and next, a temperature for 1 h. Protein bands were visualized using
biotin-streptavidin procedure was used for visualization the ECL detection kit (Amersham) on an LAS-3000 chemi-
of CD200R. No cross reaction between the secondaryuminometer reader (Bouchet Biotech) and analyzed using
and primary antibodies was detected in these controldensitometry image software. The blots were stripped in
sections. Double immunostained sections were mounted62.5 mM Tris-HCI, pH 6.8, containing 2 % SDS and 0.7 %
in Vectashield aqueous mounting medium and analyzed -mercaptoethanol, and they were then reprobed with a
using a Nikon Eclipse epifluorescence microscope equippeanonoclonal antibody against-tubulin (1:5000; Exbio).
with a DS-Ri1 camera (NIKON, Czech Republic).

Because detection of CD200R expression in acti-Reverse transcription and real-time polymerase chain
vated astrocytes is not routine, the colocalization ofreaction
CD200R and GFAP immunofluorescence was analyzedhe fresh tissue samples of E45 spinal cord segments
by colocalization module of NIS Elements softwarefrom six animals for each group were collected. Total

(Nikon, Czech Republic). RNA was extracted using RNeasy mini columns (Qiagen,
Hilden, Germany). Contaminating genomic DNA was
Image analysis degraded by a treatment with Dnasel (Qiagen). The

At least 10 sections (each separated from the next by aryield of RNA was determined using a Nanodrop® spec-
interval of about 80 m) from each of the removed L4 trophotometer (NanoDrop Technologies, Wilmington,
L5 spinal cord segments for each animal per experimen-DE, USA). Total RNA (1 g in 20 L) was reverse tran-
tal group were selected for image analysis. Immunostainscribed into complementary DNA (cDNA) using poly-dT
ing area for OX42 or GFAP in spinal cord sections wasprimers and the Promega reverse transcription kit
measured using an NIS elements image analysis systelPromega, Madrid, Spain). The oligonucleotide primer
(Laboratory Imaging Ltd, Prague, Czech Republic).sequences used are given in Table 1. SYBR® PCR was
Briefly, a box (4x16 m? was placed over the lateral, performed using 1 L of cDNA (corresponding to
central, and medial areas of DH and OX42 or GFAP50 ng RNA input) with 200 nM of the primers listed
immunostained structures were detected by threshold-above (Invitrogen, Barcelona, Spain) in a Power SYBR®
ing technique after subtraction of background. The areaPCR Mastermix (Applied Biosystems, Foster City, CA,
of immunostaining for OX42 or GFAP in correspond- USA). Cycling conditions were as follows: 50 °C for 2 min,
ing DH was related to the area of interest (4 x40m?) 95 °C for 10 min, and 40 amplification cycles of 95 °C for
and expressed as the mean of relative area (%) + SD. 15 s and 60 °C for 1 min. Samples were assayed using the
Applied Biosystems PRISM 7500 sequence detection
Western blot analysis system, assaying each sample in triplicate and running a
Rats were deeply anesthetized with a lethal dose of sosix-point standard curve in parallel. To ensure the absence
dium pentobarbital (70 mg/kg body weight, i.p.). The of contamination with genomic DNA, a control sample
L4-L5 spinal cord segments were detected followingusing RNA as the template was run for each set of extrac-
total laminectomy and rapidly removed, frozen in dry tions. Relative quantification was obtained by calculating
ice, then stored at 70 °C until elaboration for western the ratio between the values obtained for each gene of
blot or reverse transcription (RT) and real-time polymer- interest and those of the 18S housekeeping gene with re-
ase chain reaction (PCR). spect to the naive animals.
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Table 1 Rat primer sequences used in quantitative polymerase chain reactions

Genes Forward Reverse

IL-1 5-TTGCTTCCAAGCCCTTGACT-3 5-CTCCACGGGCAAGACATAGG-3
TNF- 5-CATGAGCAC GGAAAGCATGA-3 5-CCACGAGCAGGAATGAGAAGA-3
IL-6 5AAGAAAGACAAAGCCAGAGTC-3 5-CACAAACTGATATGCTTAGGC-3
IL-4 5CCTTGCTGTCACCCTGTTCTG-3 5-TGCATGGAGTCCCTTTTTCTG-3
IL-10 5CAGTCAGCCAGACCCACAT-3 5-GCTCCACTGCCTTGCTTT-3

18S 5ATGCTCTTAGCTGAGTGTCCCG-3 5-ATTCCTAGCTGCGGTATCCAGG-3
Statistical analyses CD200Fc attenuates activation of microglial cells and

Behavioral data were evaluated using Kruskal-Wallisastrocytes in the spinal dorsal horn of nerve-injured rats
one-way analysis with Bonferroni post hoc test aqd  We investigated the regulatory effect of CD200Fc ad-
values less than 0.05 were considered to be significanministration on microglial activation in the sCCI model
To verify differences of immunostaining area, westernof PNP because interaction of CD200 with CD200R de-
blot and RT-PCR, a one-way ANOVA with subsequent creases microglial activation [20, 33]. No significant dif-
post hoct tests employing a correction of alpha according ference of OX42 immunostaining was found between
to Bonferroni for repeated measures was run wigh< 0.05 naive and sham-operated rats (Fig. 2a, d, h). The OX42
as the level of significant differences between testedmmunoreactive area indicating activated microglial cells
samples. Statistical differences between data of relativevas markedly larger in ipsilateral DH of the spinal cord
immunostaining area, western blot, and RT-PCR weresections from sCCl-operated and ACSF-treated rats
tested by Mann-WhitneyU test (p<0.05). All statistical when compared with naive or sham-operated animals
analyses were made using STATISTICA-12 software(Fig. 2b, e). Microglial activation expressed by the OX42

(StatSoft, Tulsa, OK, USA). immunoreactive area was significantly attenuated in ipsi-

lateral DH sections prepared from the spinal cord of
Results sCCl-operated rats and treated with CD200Fc for 5 h
CD200Fc reduces mechanical and thermal (Fig. 2c, f). However, 24 h after CD200Fc injection, the
hypersensitivity of nerve-injured rats OX42 immunostaining area was enlarged, but it

As CD200Fc appears to be beneficial when administeredemained smaller than in control group of sCCI-
in cases of various diseases with an inflammatory compooperated and ACSF-treated rats (Fig. 2g). In contrast to
nent [34, 36, 40], we investigated whether the CD200RIpsilateral DH, no significant extension of OX42 immu-
agonist has effects on PNP behavioral signs in the sCChoreactive area was detected in the contralateral DH of
model. No statistically significant changes of thresholdssCCl-operated rats treated with ACSF or CD200Fc in
and withdrawal latencies were measured in the hind pawscomparison to naive or sham-operated rats (Fig—R).
of naive rats treated with CD200Fc for 5 and 24 h, thusThe microglial cells immunostained for OX42 displayed
indicating no influence of the CD200R agonist on basalthe typical activated, amoeboid morphology in sections
sensitivity (data not shown). Sham-operated rats displayeaf L4-L5 spinal cord segments from rats sCCl-operated
a small but not statistically significant mechanical and and treated with ACSF, whereas those in sections from
thermal hypersensitivity at days 1 and 3 with no behavioralCD200Fc-treated rats exhibited a ramified morphology
changes after 7 days and ACSF treatment for 5 or 24 rsimilar to microglia of the naive animals (insets in
(Fig. 1a, b). All hind paws of rats subjected to sCCI of theFig. 2d-f). Quantitative changes of microglial activation
sciatic nerve displayed significantly decreased thresholds aletected by OX42 immunostaining area in the spinal
mechanical (Fig. 1a) and withdrawal latencies of thermalcord sections of naive, sham- and sCCl-operated, and
hypersensitivity (Fig. 1b) at days 1, 3, and 7 post-operatiofACSF- or CD200Fc-treated rats (Fig. 2I) were confirmed
when compared with 1 day before operation. by western blot analysis of CD11b/c protein (Fig. 2m).
Rats operated on sCCI with intrathecal administration As CD200Fc appears to attenuate microglial activation
of CD200Fc for 5 h displayed significant attenuation of in the sCCl-operated rats, we investigated whether intra-
mechanical and thermal hypersensitivity when comparedthecal application of CD200Fc would also affect astro-
with levels before CD200Fc injection or with ACSF- glial activation. Lumbar spinal cord sections prepared
treated rats. Thresholds of mechanical and withdrawalfrom rats 7 days after sCCl operation and treatment
latencies of thermal hypersensitivity did drop 24 h after with ACSF displayed a bilateral enlargement of GFAP
CD200Fc administration, but the values remained stillimmunostaining area in DH when compared to the
significantly higher when compared with levels before spinal cord sections of naive or sham-operated rats
CD200Fc treatment (Fig. 1a, b). (Fig. 3ab, d-e, h-i). In comparison to ACSF treatment,
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Fig. 1 Results of behavioral tests. Mechan&ediid thermal hypersensitivity)(in SCCl-operated rats treated with ACSF or CD200Fc. Withdrawal
thresholds for mechanical hypersensitivity and latencies for thermeldeysitivity were significantly decreased in the ipsilateral hind pays
following sCCl when compared with 1 day before surgery, and CD#@@ment for 5 h was able to reverse these. Both behavioral signs of
PNP were nevertheless significantly weaker 24 h from CD200Fc applittatiagh #hey remained still higherdin 7 days after SCCl operation bufidbe
CD200Fc application. All valuea andb represent mean + SE from six rats per gréeriskdicates statistically significant differemce @.001) when
compared with measurements 1 day before operatRlus sigmdicates statistical significant differenge 0.01) when compared to values
of sCCl-operated animals before and after CD200Fc application. Kruskal-Wallis ANOVA followed by Madnedthitney

_

intrathecal administration of CD200Fc bilaterally reduced operation, we analyzed their proteins by immuno-
the extent of astroglial GFAP immunostaining in E4.5 fluorescence staining and western blotting in naive
spinal cord sections from sCCl-operated rats (Fig. 3c, f, jJand sham-operated rats in comparison with those of
The GFAP-immunostained area of activated astrocytessCCl-operated animals after ACSF and CD200Fc ad-
was enlarged at 24 h after CD200Fc treatment, but it stillministration for 5 h. The CD200 immunostaining was
remained lower than in the spinal cord of sCCl-operated dominantly observed in DH with a higher intensity in
and ACSF-treated rats. The quantitative changes ofthe spinal cord sections from sCCl-operated and
GFAP-immunoreactive areas (Fig. 3l) indicating activationACSF-treated rats when compared with that from
state of astrocytes were confirmed by western blot analysisham-operated or sCCl-operated and CD200Fc-treated
of GFAP protein in the spinal cord of naive, sham- rats (Fig. 4ac). Similarly, a distinctly increased immuno-
operated, and sCCl-operated and treated rats (Fig. 3m). staining for CD200R1 was found in DH of spinal cord
sections of sCCl-operated and ACSF-treated rats when

Cellular distribution and regulation of CD200 and compared with sections of the spinal cord from sham-
CD200R1 levels in the spinal cord of nerve-injured and operated rats (Fig. 4€f). The increased CD200 and
CD200Fc-treated rats CD200R1 proteins in the spinal cord of sCCl-operated

To determine precisely whether exogenous solubleand ACSF-treated as well as the protein decrease after
CD200Fc might modify membrane-bound CD200 and CD200Fc injection were confirmed by western blot
CD200R1 expression in the spinal cord after sCClanalysis (Fig. 49, h).
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Fig. 2 Immunofluorescence staining and quantification of CD11b/c protein. OX42 (CD11b/c protein) immunofluorescence to detect mic
the dorsal horn (DH) of sections through-L8 spinal cord segments from naive and sham-operated rats as well as sCCl-operated rats trf
with ACSF or CD200Fc. Representative pictures of OX42 immunofluorescence in ipsilateral DH of the spinal cord &oamdl@@i-dperated
(b, c) rats 5 h after ACSE, b) or CD200Fc) injection.Scale bars75 m. A higher power magnification of OX42 immunofluorescence in DH
naive ) and sham-operated] rats and the ipsi- and contralateral DH (DH-ipsi, DH-contra) of sCCl-operated and ACSF-treajealsratsli
as 51,j) or 24 h ¢, k) after injection with CD200Fsgcale bars50 m. Insetsn d—f show typical shape of OX42-labeled microglia in DH of né
ACSF-, and CD200Fc-treated rats, respecBealg. barfor insets =33 m. | Bar graph shows quantification of OX42 immunostaining area in
of L4-L5 spinal cord segments from naive and sham-operated rats as well as sCCl-operated rats for 7 days and 5 or 24 h after admini
CD200Fc or ACSHh.Western blot shows increased CD11b/c protein level in the spinal cord of sSCCl-operated in comparison to naive or
operated rats, whereas CD200Fc administration reduced this elevation. The data represent the mean + SD optical density normalized
from six animals in each group < 0.05 when compared to DH of naive or sham-operated natsp#5 when compared to DH of sCCIl + AC

oglia in
pated

i of

nive,

DH
stration of
sham-

o tubulin
5F

rats; +$ < 0.05 when compared to 5-h treatment. Mann-Whitbegst

Double immunostaining of spinal cord sections of SCCI- OX42 to illustrate presence of CD200R in activated

operated and ACSF-treated rats revealed CD200 immunomicroglial cells (Fig. 5gi). When GFAP immunostainin

g

reaction in both NeuN+ neurons and GFAP+ astrocytes corresponding with astrocyte activation was reduced after
(Fig. 5af). The CD200R immunofluorescence was de-CD200Fc treatment, we sought to observe whether acti-
tected in neuropil of the spinal cord sections and double vated astrocytes could express CD200R1. Surprisingly,
immunostaining displayed colocalization of CD200R andCD200R immunolabeling was colocalized with GFAP
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Fig. 3 Immunofluorescence staining and quantification of GFAP protein. GFAP-immunoreactive astrocytes in the dorsal horn (DH) of sections
through L4-L5 spinal cord segments from naive rats and sham-operated rats as well as sCCl-operated rats treat8& wittCRZ00Fc.
Representative pictures of GFAP immunostaining in ipsilatefplagidscontralateral (contra) DH of the spinal cord from shajar(d
CCl-operated(c) rats 5 h after ACS&; f) or CD200Fc) injectionScale bars 100 m. A higher power magnification of GFAP immunostaining in
DH of naived) and sham-operatedh) rats and the ipsi- and contralateral DH (DH-ipsi, DH-contra) of sCCl-operated and ACSkst@ated raell
as rats 5f(j) or 24 h ¢, k) after injection with CD200F2cale bars50 m.| Bar graph shows quantification of GFAP-immunoreactive area in DH of
L4-L5 spinal cord segments from naive and sham-operated rats as well as sCCl-operated rats fal B dayeldnafter administration of CD200Fc
or ACSHn Western blot confirmed the increase of GFAP protein level in the spinal cord of sCCl-operatedris@motopzaive or sham-operated
rats. The GFAP elevation was reduced by CD200Fc administration. The data represent t8&mptcat density normalized to tubulin from six
animals in each groupp¥ 0.05 when compared to DH of naive or sham-operated rats;0605 when compared to DH of sCCIl + ACSF rats.
Mann-WhitneyJ test

immunostaining, indicating expression of the receptor in cells also indicated colocalization of CD200R and GFAP
activated astrocytes of the spinal cord from sCCl-operatedmmunostaining (Fig. 69).

rats (Fig. 6af). The unexpected colocalization was

verified by image analysis and measurement of indexestrathecal CD200Fc administration reduces

using NIS Elements. Mandér overlap measured in double proinflammatory and enhances anti- inflammatory cytokine
immunostained cells indicated by arrows (Fig. 6 was mRNAs in lumbar spinal cord segments of nerve-injured rats
0.965265, 0.929336, and 0.960253. In addition, profile inTo determine the immediate effect of CD200Fc treat-
tensity of red (CD200R) and green (GFAP) channels in thement on cytokine synthesis in the spinal cord 7 days
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Fig. 4 Effect of CD200Fc on CD200 and CD200R1 protein levels. Effect of CD200Fc on CD200 and CD200R1 protein lekBlsmihtie L4
cord segments from sCCl-operated rats. sCCI of the sciatic nerve and ACSF treatment increagsefl @Gii@@itand CD200R immunofluoresceng
in DH of spinal cord sections when compared with those from sham-operated rathdoata€D200Fc administration significantly attenuate
elevation of CD200 and CD200R immunofluorescences in the spinal cord sections of sCCl-operatéd Satde( bars100 m. The
CD200 and CD200R immunofluorescencengha were confirmed by western blot analysis of CD200 and CD200R prgtdindJpper
panelsof g and h illustrate representative western blotting bands for CD200 and CD200R inltBespihal cord segments from sham-operated
(Sham), sCCl-operated and ACSF-treated (sCCI + ACSF5h) rats, as well as rats sip€taded ®{sCCIl + CD200Fc5h) or 24 h (sCCl + CD200Fc24h)

after administration of CD200Eower panelshow mean density + SE of individual CD200 and CD200R1 protein bands in triplicate analysis of sjx animals
after normalization to tubulinp® 0.05 when compared to naive rats:<#.05 when compared to sCCl + ACSF ras<6t05 when compared to 5 h
after administration of CD200Fc. Mann-Whithegst

o @
[%2]

after sCCl operation, RT-PCR was carried out usingincreased close to (in the case of IL-4) or exceeding (for
primers specific to pro- (TNF, IL-1, IL-6) and anti- IL-10) those levels for spinal cord segments from naive or
inflammatory (IL-4, IL-10) cytokines. sham-operated rats (Fig. #e&).

As expected, L4L5 segments of the spinal cord from
sCCl-operated and ACSF-treated rats displayed robusDiscussion
elevation of relative mRNAs of proinflammatory (TNF, Many experimental models of PNP are principally based
IL-1 , IL-6) and a decrease of anti-inflammatory cytokineson peripheral nerve injury providing a partial disconnec-
(IL-4, IL-10) when compared with spinal cord segments of tion of axons from their neuronal bodies [6, 41]. The
naive or sham-operated rats. After 5 h, intrathecal admin-original model of CCI using four ligatures of chromic
istration of CD200Fc produced normalization of TNF gut (4-0) loosely tied around the sciatic nerve [42] is
MRNA expression (Fig. 7a) and significant reduction in not suitable for distinguishing neuroinflammatory reac-
relative expression of IL-1 and IL-6 mRNAs (Fig. 7bc) tion induced by a thread material [43] and/or Wallerian
in comparison with ACSF-treated rats. Conversely, rela-degeneration of injured axons [6]. Therefore, sCCIl of
tive levels of IL-4 and IL-10 mMRNAs were simultaneously the sciatic nerve in our experiments was prepared using
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Fig. 5 Double immunostaining to detect CD200 protein in astrocytes and neurons as well as CD200R in microglia. Double immunostaining of
sections through DH of E45 spinal cord segments from sCCl-operated and ACSF-treated rats. Immunofluorescence fay &LW206AR)
are colocalizect), evidencing that CD200 protein is expressed by astroeytesv§. In addition, double immunostaining for CD2@P&nd
NeuN ¢) detected a presence of CD200 protein also in neurhrerow$. Immunolabeling for CD200&) @nd OX42h) was colocalized
illustrating that activated microglial cells display CD200R proteima). Merged figuresc(f, i) contain also blue channel of Hoechst
stained nucleiScale bars30 m

J

3-0 sterilized thread (Ethicon) under aseptic conditions applied the CD200R soluble ligand intrathecally to
to study the effect of CD200Fc on spinal glial activation achieve direct and rapid diffusion of CD200Fc into DH
and cytokine reactions in consequent Wallerian de- of the rat spinal cord. We cannot exclude the possibility
generation induced by traumatic nerve compression.that a small portion of the drug administered into the
It is well known that PNP induced by nerve injury is cisterna magna will retrogradely reach the ventricular
related to activation of glial cells and upregulation of system and surrounding structures playing a role in the
proinflammatory cytokines in the spinal cord, and effects described here. However, decreased glial activa-
their reduction has been associated with alleviation oftion and modulation of cytokine mRNAs and CD200/
behavioral signs [4447]. CD200R changes revealed that CD200Fc diffused into
CD200/CD200R is a regulatory system of inflamma-the lumbar level of spinal cord.
tion that plays a relevant role in various diseases
when CD200 ligand binding with its receptor is im- CD200Fc attenuates glial activation of the spinal cord and
paired [22, 25, 29]. In contrast, enhanced signaling ofmeuropathic pain behavioral signs
CD200R by CD200Fc treatment alleviates pathologicalActivation of microglial cells and astrocytes after nerve
effects of inflammation [32, 3436]. However, the injury is strongly associated with induction and mainten-
anti-neuroinflammatory effects of CD200Fc in neuro- ance of mechanical and thermal hypersensitivity, and de-
pathic pain have not heretofore been investigated. Thepression of the glial activities alleviates the behavioral
present study provides the first evidence that CD200Fcsigns of PNP [46, 4951]. Microglial cells are accumu-
attenuates activation of glial cells and proinflammatory lated in the spinal cord at the ipsilateral side to nerve in-
cytokines, as well as mechanical and thermal hypersensjury and change their morphology from éresting staté
tivity in an experimental model of PNP immediately after in which the cell bodies are small with long and thin
its intrathecal administration. processes into anf‘activated staté in which the cells
CD200Fc has been applied intraperitoneally [35], sub-present an amoeboid shape with their bodies enlarged
cutaneously [34], or intracerebroventricularly [32] in and fine processes retracted [52, 53]. Microglial activa-
various experimental models of inflammatory diseasestion after peripheral nerve injury is generally detected by
As CD200Fc has a half life of just a few hours [48], weimmunocytochemical staining using the OX42 antibody,
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Fig. 6 Double immunostaining to detect CD200R protein in astrocytes. Double immunostaining of section through-B13 epinél cord
segments from sCCl-operated and ACSF-treated rats to detect CD200R protein in GFAP positive astrocytes. Immunofluorescence staining for GFAP
(a,d) and CD200R(e) was colocalized as shown in merged figurd)(Scale bars100 m. d-f illustrate a higher power magnification of area
limited by a box irc. Evidence of CD200R in activated astrocytes was confirmed by image analysis of three cells in the section using N|S Elements
software. Mandér overlap was 0.965265, 0.929336, and 0.960253 for cells indicatemiAsy Scale bax80 m. g illustrates representative
profile intensity offed (CD200R) andreen(GFAP) channels in cell tagged 1

\

directed against a complement receptor 3 antigeninduction and maintenance of PNP [45, 49]. Astrocytes
(CD11b/c) or antibody against ionized calcium binding respond to various physiological or pathological stimuli
adapter molecule 1 (Ibal) [54, 55]. However, there iswith the increased expression of GFAP that is generally
convincing evidence that enlarged OX42 immunostain- considered to be a marker for astrocyte activation [58].
ing area measured by image analysis is related witlit has been experimentally demonstrated that GFAP up-
microglial activation after nerve injury [53]. regulation in the spinal cord correlates well with nerve
Ipsilateral DH of the spinal cord from sCCIl+ ACSF in injury-induced PNP [49] and that suppression of astro-
contrast to naive or sham-operated rats displayed enlargedyte activation by fluorocitrate alleviates PNP symptoms
areas of OX42 immunofluorescence and appearance of59]. In our experiments, as demonstrated by GFAP im-
OX42+ microglial cells with the shapes indicating their ac- munofluorescence areas and western blot analysis of
tivated state. The OX42 immunoreaction area was signifi-GFAP protein, astrocytes became activated in sCCl-
cantly reduced in DH of sCCl-operated and CD200Fc- operated and ACSF-treated rats and were reduced bilat-
treated rats, thus showing very rapid effect on the markererally in DH of the spinal cord after treatment with
of activated microglia. The changes of microglial cell CD200Fc. This suppression of activated astrocytes was
activation induced by CD200Fc were confirmed by much less than microglial cells which is in accordance
western blot analysis of the CD11b/c protein. Our results with treatment by selective inhibitors of glial activation
are in agreement with other experimental studies in [55]. Our results of western blot analysis were obtained
that CD200Fc rapidly reduced the markers of microglial from whole L4-L5 segments containing possible changes
activation [32, 34, 56]. also in the ventral horn of the spinal cord. However,
Astrocytes are more dominant than microglia in the OX42 and GFAP protein levels correlated with quantita-
spinal cord, and they have been investigated predomintive alterations of corresponding immunofluorescence
antly in relation to their supportive functions for neu- were measured only in DH of the spinal cord.
rons [57]. Moreover, activated astrocytes are a major Our present results evidence for the first time that
source of cytokines and may contribute significantly to intrathecal application of CD200Fc for 5 h diminished
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Fig. 7 RT-PCR analysis of cytokine RNAs in the spinal cord after CD200Fc administration. Effect of CD200Fc,dh-BNE;4l_dnd IL-10
MRNAs expression in-l6 segments of spinal cord from sCCl-operated rats for 7 days. sCCI of the sciatic nerve and ACSF treatment increased
levels of TNR, IL-1 (b), and IL-6c] as well as decreased ILe4 &nd IL-106) mRNA expression in the lumbar spinal cord segments. Intrathecal
CD200Fc administration prevented the increase of TNF, dbhd IL-6 as well as the decrease of IL-4 and IL-10 mRNAs expression in the Iumbar
spinal cord segments. The mRNA expression of each ger@er group) was normalized to that of the 18S gene and the data represent the
mean + SD.F< 0.05, *» < 0.001 when compared to naive ratg;<+0.05, +p < 0.001 when compared to sham-operated rapss 8.05 when
compared to sCCl + ACSF rats. Mann-Whititegt

activation of both microglia and astrocytes in DH of Expression of CD200 and CD200R in the dorsal horn of

the spinal cord after sciatic nerve injury. This rapid spinal cord

but reversible suppression of microglia and astrocyteCD200 protein is constitutively expressed in neurons
activations runs in parallel with alleviation of both and to a lesser extent in reactive astrocytes while
mechanical and thermal hypersensitivity. Because both ac€D200R is expressed by microglia [21, 23]. The changes
tivated microglial cells and astrocytes displayed CD200Rof CD200 and CD200R1 protein levels in the spinal cord
its activation by CD200Fc explains attenuation of the glialafter nerve injury and following administration of
activation and consequent alleviation of nerve injury- CD200Fc have not previously been described. The
induced PNP like in experimental studies using other CD200 and CD200R immunostaining was predomin-
modulators of glial activation [34, 46, 60]. Very rapid antly found in the spinal dorsal horn and both immuno-
suppression of activated glial cells by CD200Fc wasgluorescence staining and western blot analysis revealed
not surprising inasmuch as intrathecal injection of significantly higher levels of CD200 and CD200R pro-
other drugs has been shown to abolish glial activa-teins in the spinal cord after sCCI of the sciatic nerve. In
tion within hours [46, 61]. The CD200Fc effect was contrast to neurodegenerative diseases [19, 25, 64],
already weakened 24 h from single injection, how-sciatic nerve injury probably activated endogenous regu-
ever, thus indicating the necessity of repeated admindatory mechanisms including upregulation of CD200/
istration for longer PNP attenuation, as is usual for CD200R. Intrathecal CD200Fc treatment following sci-
other molecules modulating neuroinflammation or atic nerve injury suppressed CD200 and CD200R pro-
pain [62, 63]. teins in the spinal cord to levels close to those of naive
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or sham-operated rats. The rapid regulation of the with development and maintenance of PNP [7, 10, 44].
CD200 and CD200R proteins was parallel with activationOur results from RT-PCR showed increase of proinflam-
or deactivation of microglia cells and astrocytes detectedmatory cytokine (TNF, IL-1, IL-6) and decrease of anti-
by CD11b/c or GFAP markers, respectively. inflammatory cytokine (IL-4, IL-10) mRNAs in the spinal
Using double immunostaining, we confirmed a presencecord of nerve-injured rats in comparison with naive and
of CD200 protein in neurons and astrocytes as well assham-operated animals. Intrathecal CD200Fc treatment
CD200R in microglial cells as described earlier [21, 23]diminished elevation of proinflammatory cytokine (TNF,
However, there are no uncompromising results about ex-1L-1 , IL-6) mRNAs and simultaneously ameliorated def-
pression of CD200R in astrocytes. We detected colocalizaicit of IL-4 and IL-10 mRNAs induced by unilateral sCCI
tion of GFAP and CD200R immunostaining in the spinal of the sciatic nerve. This modulation of pro- and anti-
DH of sCCl-operated and ACSF-treated rats, thus indicat-inflammatory cytokine mRNAs by CD200Fc treatment
ing a presence of CD200R protein also in astrocytes actiwas simultaneous with glia deactivation and attenuation
vated by nerve injury. Activation of both microglia and of mechanical and thermal hypersensitivity.
astrocytes might therefore be directy modulated by CD200R1 stimulation suggests that CD200/CD200R1
CD200Fc through stimulation of CD200R. Intense crossinteraction is involved in suppression of the proinflamma-
talk between glial cells in the spinal DH is induced in the tory phenotype of microglial cells [3234, 73] and astro-
initiation phase of injury-induced PNP [8, 55, 65]. CD200/ cytes. In addition, an in vitro study showed how microglia
CD200R-mediated suppression of neuroinflammation mayincubation with CD200-bearing astrocytic membrane
occur not only via neuron-microglia interactions but also preparations mitigates the LPS-induced increase in
via glia-glia interactions [23]. In addition to neurons, mRNA expression of the proinflammatory cytokines TNF,
increased expression of CD200 in reactive astrocytes may-1 , and IL-6 [74]. In line with our findings, CD200Fc
contribute to control of microglial activation, while treatment significantly decreased the production of TNF
CD200R upregulation probably allows a modulation of and IL-6 but not of IL-10 or TGF- in microglial cells of

astrocyte activation by contact with CD200+ neurons. mice with experimental autoimmune encephalomyelitis

[34]. Referring to anti-inflammatory cytokines, it has been
CD200Fc decreases proinflammatory and increases pointed out that there is a possible involvement of
anti-inflammatory cytokine mRNAs in the spinal cord of CD200Fc in increasing IL-4 and IL-10 in microglia cells
nerve-injured rats [33, 56]. Moreover, an increased expression of IL-10 in re-

In the present time, there is no evidence about directlation to enhanced neuronal levels of CD200 has been also
operation of CD200/CD200R dysbalance in neuropathicfound in the central nervous system of experimental auto-
pain induction. It is generally accepted that CD200/ immune encephalomyelitis mice [27].
CD200R modulatory system is involved in suppression of The present results indicate that sciatic nerve injury-
inflammation and glial activation. Although the recruit- induced upregulation of proinflammatory cytokines in
ment of neutrophils, macrophages, and lymphocytes fromparallel with elevation of the CD200/CD200R regulatory
blood might participate in the neuroimmune response of system. An enhanced signaling of CD200R1 by CD200Fc
the spinal cord to nerve injury, the activation of microglia treatment attenuated activation of microglial cells and
and astrocytes undoubtedly plays a pivotal role in produc-astrocytes simultaneously with a decrease of proinflam-
tion of cytokines and chemokines [10, 12, 54]. matory and increase of anti-inflammatory cytokine syn-
A nerve injury induces elevation of proinflammatory thesis. Due to reduction of the inflammatory reaction by
cytokine levels and their synthesis (MRNA) in the spinal CD200Fc, expression of the CD200/CD200R regulatory
cord associated with development and maintenance ofsystem was diminished.
PNP [66-68]. Experimental studies have demonstrated In conclusion, our results suggest that support of the
that suppression of proinflammatory cytokines like TNF, CD200/CD200R regulatory system by administration of
IL-1 , and IL-6 is necessary for efficacious attenuationthe CD200R1 agonist CD200Fc induces very rapid sup-
of mechanical and thermal hypersensitivity [67, 69, 70].pression of neuroinflammatory reactions associated with
In contrast, increased synthesis or delivery of IL-10 hagglial activation and PNP development. This may consti-
been shown to attenuate proinflammatory cytokine tute a promising and novel therapeutic approach for the
levels and alleviated PNP [71]. Similarly, other anti-treatment of PNP. Additional experiments with nerve
inflammatory cytokines, such as IL-4, also have been deinjury models are nevertheless needed, and particularly
creased in the CCl model of PNP and IL-4 deficiencywith repeated CD200Fc treatment to prolong its effect.
has been associated with mechanical hypersensitivity
[72]. Accumulating evidence indicates that nerve injury Conclusions
induces upregulation of pro- and anti-inflammatory cy- The present results indicate that sCCI of the sciatic nerve
tokines in activated microglia and astrocytes in relation induced upregulation of proinflammatory cytokines in
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parallel with elevation of the CD200/CD200R regulatory 8.
system. An enhanced signaling of CD200R1 by adminis-
tration of the CD200R1 agonist CD200Fc induces very
rapid suppression of glial activation in the spinal cord
simultaneously with a decrease of proinflammatory and®:
increase of anti-inflammatory cytokine synthesis associ-,
ated with attenuation of PNP development. Due to reduc-
tion of the inflammatory reaction by CD200Fc, expression
of the CD200/CD200R regulatory system was diminished. 1.
Support of the CD200/CD200R regulatory system
by administration of the CD200R1 agonist CD200Fc
may constitute a promising and novel therapeutic ap- 12
proach for the treatment of PNP. Additional experiments 13,
with nerve injury models are nevertheless needed and
particularly with repeated CD200Fc treatment to prolong

its effect. 14.
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Peripheral nerve injuries (PNIs) may result in cellular and molecular changes in
supraspinal structures possibly involved in neuropathic pain (NPP) maintenance.
Activated glial cells in speci c supraspinal subregions may affect the facilitatory role of
descending pathways. Sterile chronic compression injury (sCCIl) and complete sciatic
nerve transection (CSNT) in rats were used as NPP models to study the activation
of glial cells in the subregions of periaqueductal gray (PAG) and rostral ventromedial
medulla (RVM). Molecular markers for activated astrocytes (glial brillary acidic protein,
GFAP) and microglial cells (OX42) were assessed by quantitative immunohistochemistry
and western blotting. The cellular distribution of CCL2/CCR2 was monitored using
immuno uorescence. sCCI induced both mechanical and thermal hypersensitivity
from day 1 up to 3 weeks post-injury. Unilateral sCClI or CSNT for 3 weeks
induced signi cant activation of astrocytes bilaterally in both dorsolateral (dIPAG) and
ventrolateral PAG (VIPAG) compared to naive or sham-operated rats. More extensive
astrocyte activation by CSNT compared to sCCl was induced bilaterally in dIPAG
and ipsilaterally in vVIPAG. Signi cantly more extensive activation of astrocytes was
also found in RVM after CSNT than sCCl. The CD11b immunopositive region,
indicating activated microglial cells, was remarkably larger in dIPAG and VIPAG of
both sides from sCCI- and CSNT-operated rats compared to naive or sham-operated
controls. No signi cant differences in microglial activation were detected in dIPAG
or VIPAG after CSNT compared to sCCl. Both nerve injury models induced no
signi cant differences in microglial activation in the RVM. Neurons and activated
GFAP+ astrocytes displayed CCL2-immunoreaction, while activated OX42+ microglial
cells were CCR2-immunopositive in both PAG and RVM after sCCl and CSNT.
Overall, while CSNT induced robust astrogliosis in both PAG and RVM, microglial
cell activation was similar in the supraspinal structures in both injury nerve models.
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Activated astrocytes in PAG and RVM may sustain facilitation of the descending system
maintaining NPP, while microglial activation may be associated with a reaction to
long-lasting peripheral injury. Microglial activation via CCR2 may be due to neuronal and
astrocytal release of CCL2 in PAG and RVM following injury.

Keywords: activated glial cells, CCL2/CCR2, neuroin ammation, periaqueductal gray, rostral ventromedial
medulla, nerve injury, neuropathic pain model

INTRODUCTION role in NPP facilitation via its preferred receptor, CCR2a0
et al.,, 2009; Jung et al., 2009; Gao and Ji, )20tOwas

Peripheral nerve injuries (PNIs) due either to trauma, disease glemonstrated that PNI increases the release of CCL2 in the
surgical intervention, usually resultin neuroplastic changes in thgorsal horn of the spinal cord\(an Steenwinckel et al., 2011;
central nervous system (CNS) and paie(ger et al., 20)1Such ~ Clark et al., 201triggering the activation of microglial cells
changes include the activation of endogenous glial cells of tH¢hang and De Koninck, 2006; Thacker et al., 200the role
CNS, like microgliagtreit et al., 199%Hanisch and Kettenmann, ©f CCL2 signaling in supraspinal structures involved in pain
2007 Graeber and Streit, 20¥@nd astrocytesidet et al., Modulation has still not been completely elucidated. Reactive
1997; Pekny and Nilsson, 2005; Sofroniew and Vinters, 201@croglia cells may synthesize and secrete more inflammatory
Anderson et al., 2014; Pekny and Pekna, }0The activated Mediators, which elicit increasing excitability of superficial
glial cells facilitate pain neurotransmission and induce the centrglorsal horn neurons, and enhance secretion of CCL2 from
sensitization of spinal neurons located in the dorsal horn. BrieflySPinal astrocytes(lark et al., 2013 Similar processes may
PNI causes the generation of ectopic discharges in the lesion€gcur also in both PAG subregions as well as in the RVM
afferent nerve fibers and their neuron§iiana-Zapata et al., Which are involved in the alteration of descending pain
1997; Woolf and Mannion, 1999; Liu et al., 2000; Schaible,)200nodulation.
triggering an increased release of excitatory neurotransmitters Overall, despite the available data regarding neuroplastic
and neuromodulators onto spinal cord neurons and glial cells$hanges in supraspinal structures associated with nervous system
These changes induce central sensitization, glial cell activatidhjury-induced pathological painfoadas-Vaello etal., 204 the
and hyperexcitability of nociceptive spinal cord neurons thaf€llular and molecular processes occurring in these structures as
consequently increase their discharges through the ascendifig-onseqguence of PNI are not yet fully understood. Particularly,
pain pathwaysZimmermann, 2001; Schaible, 2007; Latremolier8ince distinct subregions of PAG may play different or specific
and Woolf, 2009; Woolf, 2011; Burnstock, 2016 roles in the descending modulation of paifi¢Mullan and
The cellular and molecular changes described till now haveUmb, 2006; Eidson and Murphy, 2013it is of interest
been extensively studied mainly in the dorsal horn of the spindP investigate whether dIPAG and VIPAG show different
cord and its circuitry {/ranken, 2009, 2012; Boadas-Vaellgdathophysiological responses after PNI, and whether these
et al., 201) but much less is known about supraspinal change&&Sponses appear in parallel with RVM glial activation, and to
associated with the induction and maintenance of neuropathi€© s0 in distinct PNI models. To this end, the present work was
pain (NPP) and the underlying mechanisms. NeuroplastiéjeSigned to study glial activation in both PAG nuclei and RVM
processes in the spinal cord facilitate the generation andfter two models of sciatic nerve injury, namely, sterile chronic
conduction of action potentials by the ascending pathways uE,onstriction injury (sCCl) and complete sciatic nerve transection
to supraspinal structures, contributing to both sensory and paitCSNT). Moreover, considering the pivotal role of chemokines in
behavior alterations. The periaqueductal gray (PAG) and rostr& NS sensitization and NPP maintenance, the aim of experiments
ventromedial medulla (RVM) are particularly interesting givenWas also to explore associated chemokine signaling through
their pivotal role in nociceptive modulatiorelds et al., 2006 Monitoring the expression of CCL2/CCR2 which could be
The PAG has a columnar functional organization with discretdnvolved in supraspinal glial cross-talk after sciatic nerve
ventrolateral PAG (VIPAG) and dorsolateral PAG (dIPAG)NUry.
columns that have differences in the antinociceptive effects with
respect to their dependence on opiate mechanismsi¢ et al., MATERIALS AND METHODS
2004; Lovick and Bandler, 2005; Eidson and Murphy, 2013;
Wilson-Poe et al., 20)@nd the spinal projection of sciatic nerve Animals and Surgical Procedures
(Keay et al., 1997 The experiments were performed in 28 adult male rats
Pre-clinical studies of nerve injury models demonstratedWistar, 200—250 g, Anlab, a.s. Brno, Czech Republic). Animals
glial activation in PAG [flor et al., 2010; Ni et al., 2016 were kept at 22C and maintained on a 12 h light/dark
and RVM (Wei et al., 2008; Guo et al., 2Q1&ssociated with cycle under specific pathogen-free conditions in the animal
changes in cytokines/chemokinegV¢i et al., 2008; Norman housing facility of the Masaryk University. Sterilized food and
et al.,, 2010; Chu et al., 2012; Guo et al., 0Mbreover, the water were availablad libitum. All surgical treatments were
chemokine CCL2, also known as monocytes chemoattractantrried out under sterile conditions by the same person in
protein 1 (MCP-1), has been demonstrated to play a criticahccordance with the European Convention for the Protection of
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Vertebrate Animals Used for Experimental and Other Scientifisucrose for 12 h and blocked in Tissue-TelOCT compound
Purposes and the protocol was approved by the AnimalMiles, Elkhart, IN, USA). Serial PAG coronal sections (1)
Investigation Committee of the Faculty of Medicine, Brno, Czeclirom the central part of the superior colliculi to the upper
Republic. edge of the inferior colliculi corresponding to PAG between
Animals were anesthetized by intraperitoneal (i.p.) injectior6.72—8.04 mm from the bregm&#éxinos and Watson, 19p7
of ketamine (60 mg/kg) and xylazine (7.5 mg/kg) and the rightvere cut (Leica 1800 cryostat; Leica Microsystems, Wetzlar,
sciatic nerve was exposed at the level of the mid-thigh by blurermany). In the same brainstem tissue, coronal sections
dissection and separated from adhering tissue just proximal t(12 mm) through the medulla 1 mm from posterior edge
its trifurcation. Three ligatures (3-0 Ethicon) were tied aroundof the inferior colliculi corresponding to RVM between
the nerve with 1 mm spacing to reduce nerve diameter by 10.8 mm and 11.4 mm from the bregmaRaxinos and
approximately one third of its original diameter in the sCCl Watson, 199Ywere also prepared. The sections were collected
group h=7). on gelatin-coated microscopic slides, air-dried and processed for
The right sciatic nerve was transected and the proximal stumpnmunohistochemical staining.
was tightly ligated and turned back to prevent spontaneous Increased expression and extent of GFAP and
reinnervation in the CSNT groupn( = 7). The skin of the 0OX42immunostaining are widely accepted markers of activated
right paws of CSNT group animals was covered with picric aciéstrocytes Fekny and Pekna, 20p4and microglial cells
solution to prevent autotomy. The right sciatic nerve was onlyBlackbeard et al., 20))7 respectively. Therefore, indirect
exposed without any lesion in rate € 7) subjected to a sham immunofluorescence staining for GFAP and OX42 was used
operation. Retracted muscles and skin incision were closed with detect activation of astrocytes and microglial cells in PAG
3-0 silk sutures and the operated rats were left to survive fand RVM after sciatic nerve injury. Briefly, the sections

3 weeks. Seven intact rats were used as naive controls. were washed with PBS containing 0.05% Tween 20 (PBS-
. TW20) and 1% bovine serum albumin for 10 min, and
Behavioral Tests then treated with 3% normal donkey serum in PBS-TW20

Behavioral responses to noxious mechanical (paw withdraw&r 30 min. The sections were incubated with 58 of
threshold, PWT) and thermal (paw withdrawal latency, PWL)mouse monoclonal anti-CD11b/c antibody (OX42), rabbit
stimuli were measured in both ipsi- and contralateral hindpolyclonal anti-glial fibrillary acidic protein (GFAP) or
paws by Dynamic plantar esthesiometer and Plantar test (UG@bbit polyclonal anti-CCL2 antibody in a humid chamber
BASILE), respectively. The location of measurement was in tte room temperature (21-28) for 12 h to identify activated
glabrous skin of the hind paws in the portion of the dermatomemicroglial cells, astrocytes or CCL2 expression, respectively.
innervated by the tibial nerve. Rats were first acclimated iThe immunoreaction was visualized by treatment with FITC-
clear Plexiglas boxes for 30 min prior to testing. In the caser TRITC-conjugated, affinity purified, donkey anti-mouse or
of thermal hyperalgesia, withdrawal time was measured anahti-rabbitsecondary antibodies for 90 min at room temperature.
the intensity radiance was set to a value of 50. The paws we@ell nuclei were stained using Hoechst 33342 (Sigma, St. Louis,
tested alternately with a 5 min interval between tests. Six PWWMO, USA) and the sections were mounted in Vectashield
and PWL measurements were taken for each paw during eaegueous mounting medium (Vector Laboratories, Burlingame,
test session 1 day before and 1, 3, 7, 14 and 21 days afteh, USA).
operation. A set of PAG and RVM sections was double immunostained
Data for mechanical allodynia and thermal hyperalgesia wer® detect cell types producing CCL2 or expressing CCR2. The
expressed as meanSD of PWT in grams and PWL in seconds, sections were incubated with rabbit or chicken anti-GFAP
respectively. All behavioral tests were conducted in a blindntibody to detect activated astrocytes, with mouse monoclonal
manner. OX42 for co-localization in activated microglial cells and
After last behavioral tests at day 21 from operation, animalpolyclonal or monoclonal NeuN antibody to identify neurons.
were sacrificed with a lethal dose of anesthetic and tissukhe first incubations were combined with immunostaining
samples were removed for immunohistochemical and westenvith rabbit polyclonal anti-CCL2 antibody or goat polyclonal

blot analysis. anti-CCR2 antibody. The binding of primary antibodies
) ] o were visualized by appropriate FITC-, FITC- or AlexaFluor
Immunohistochemical Staining 647-conjugated secondary antibodi@algle 1).

Three naive rats and three rats from the sCCI, CSNT and Control sections were incubated by omitting the primary
sham operation groups were deeply anesthetized with a lethahtibodies (data not shown). Cell nuclei were stained using
dose of sodium pentobarbital (70 mg/kg body weight, i.p.) anddoechst 33342 and sections were analyzed using a Nikon Eclipse
perfused transcardially with 500 ml phosphate-buffered salinBlI-E epifluorescence microscope equipped with a Nikon DS-Ril
(PBS, 10 mM sodium phosphate buffer, pH 7.4, containingamera driven by NIS-Elements software (Nikon, Prague, Czech
0.15 M NacCl) followed by 500 ml of Zamboni's fixativésmboni  Republic).
and Demartin, 196)

Brainstem tissue between the superior and inferior colliculmage Analysis
was removed and immersed in Zamboni's fixative atC4 At least 12 sections (separated from one another by an interval
overnight. The samples were washed in 20% phosphate-buffereflabout 80mm) of PAG or RVM for each animal were selected
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TABLE 1 | List of primary and secondary antibodies used for immuno uorescence detection.

Antibody Source Product Dilution

GFAP pAb Rabbit Dako 1:250

GFAP pAb Chicken Abcam 1:500
0OXx42 mAb Mouse Serotec 1:50

NeuN pAb Rabbit Millipore 1:500
NeuN mADb Mouse Chemicon 1:500
CCL2 pAb Rabbit Serotec 1:250
CCR2 pAb Goat ThermoFisher 1:100
Anti-chicken pAb Goat Abcam 1:200
Anti-rabbit pAb Donkey Millipore 1:400
Anti-mouse pAb Donkey Millipore 1:400
Anti-mouse pAb Goat Millipore 1:400

pAb, polyclonal antibody; mAb, monoclonal antibody.

for image analysis. Immunopositive area for OX42 or GFARissue supernatant by Nanodrop ND-1000 (Thermo Scientific)
was measured using the NIS-elements image analysis systand normalized to the same levels. Each sample, containing
(Laboratory Imaging Ltd., Prague, Czech Republic). Briefly, thB0 mg of protein, was separated by SDS-polyacrylamide gel
area of interest (40,008m? for PAG; 70,000mm? for RVM) electrophoresisf/ei et al., 200Band transferred to nitrocellulose
was placed over the dIPAG and vIPAG) or over RVM andmembranes by electroblotting (BioRad).

the GFAP- or OX-42-immunostained structures were detected The membranes were blocked with 1% BSA in PBST (3.2 mM
by a thresholding technique after subtraction of backgroundNa,HPO,4, 0.5 mM KH,PO,;, 1.3 mM KCI, 135 mM NacCl,
The boundaries of dIPAG and vIPAG columns were defined.05% Tween 20, pH 7.4) for 1 h and incubated with mouse
according to the rat PAG mapg@xinos and Watson, 19p@and  monoclonal anti-CD11b/c antibody (OX42; 1:50, AbD Serotec,
other anatomical criteriaeay and Bandler, 20D1The area of Kidlington, UK) or rabbit polyclonal anti- GFAP (1:250, Dako,
immunostaining for OX42 or GFAP was related to the area oGlostrup, Denmark) overnight. Blots was washed in PBST and

interest and expressed as the mean of relative area (34). incubated with peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibodies (Sigma, 1:1000) at room temperature
Western Blot Analysis for 1 h. Equal loading of proteins was confirmed by b-actin

Naive, sham-, sCCI- and CSNT-operated rats were used fétaining. Protein bands were visualized using the ECL detection

western blot analysis (four rats for each group). Rats wergt (Amersham) on an LAS-3000 chemiluminometer reader

killed with CO,, decapitated and the brainstem was removed(Bouchet Biotech) and analyzed using densitometry image

A 2 mm thick coronal slice of the mesencephalon was rapidlgoftware. No differences were measured between samples of

removed at the position from the central part of the superiornaive and sham-operated rats, therefore, OX42 and GFAP

colliculi to the upper edge of the inferior colliculi correspondingprotein data after normalization to actin were expressed as

to PAG between 6.72 mm and 8.04 mm from the Bregmdold change relative to sham PAG or RVM, which were

(Paxinos and Watson, 19p7Radial segments correspondingsetto 1.

approximately with ipsilateral and contralateral dIPAG and o

VIPAG were dissected under a stereomicroscopeRipee 25  otatistical Analyses

according to the boundaries defined using anatomical criteri€havioral data among groups were evaluated using two-way

(Keay and Bandler, 201 analysis of variance (ANOVA) with repeated measurements.
A 2 mm coronal slice was cut though the medulla, 1 mmOne-way ANOVA with Student-Newman-Keufpost hodest

from posterior edge of the inferior colliculi correspondingWas used for comparison at each time point apdvalues

approximately to 1 mm from the interaural line. This sectionless than 0.05 were considered to be significant. Statistical

corresponds to the RVM between10.8 mm and 11.4 mm differences between data for staining area and western blot

from the bregma Paxinos and Watson, 1907A tissue triangle analysis were tested using a Mann-Whitney U-tgs( 0.05).

was then dissected under a stereomicroscope to isolate the RVl statistical analyses were performed using STATISTICA

area, including the nucleus raphe magnus, gigantocellulari§;0 software (StatSoft, Inc., Tulsa, OK, USA).

and gigantocelularis pars alpha (ségure 3B. The RVM

samples were not divided into ipsi- and contra-lateral sideRESULTS

because no differences were seen during image analysis

of immunostained sections. Tissue samples were collectddehavioral Tests

frozen in liquid nitrogen, and stored at 80 C until further  All rats operated on to create sCCI of the sciatic nerve displayed

processing. as signs of NPP, decreased thresholds of mechanical allodynia
The PAG and RVM tissue samples of individual animals weréPWT) and withdrawal latencies of thermal hyperalgesia (PWL)

homogenized in PBS containing 0.1% Triton X-100 and proteagestricted to the hind paws ipsilateral to the nerve ligatures.

inhibitors (LaRoche, Switzerland), and centrifuged at 15,§00 Decreased PWT and PWL was induced at day 1 and maintained

for 20 min at 4 C. Protein concentration was measured in thethroughout the period of survival up to 3 weeks when compared
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FIGURE 1 | Results of behavioral tests in rats operated upon to create unilateral sterile chronic compression injury (sCCl) of the sciatic nerve and sham-operated
rats. Development and maintenance of paw withdrawal threshold (PWT) and paw withdrawal latency (PWL) was measured in the ipsilateral hind paws of

sCCl-operated rats indicating mechanical allodynia and thermal hyperalgesia, respectively. Transient thermal hyperalgesia was measured bilaterally 3 days follow|ng
sCCI. Data are expressed as mean SD of PWT in grams and PWL in seconds for mechanical allodynia and thermal hyperalgesia, respectively. Symbols below the
curves indicate a statistically signi cant differencep(< 0.05) compared to sham-operated rats.

with sham- operated rats. Hind paws contralateral to sCCbf sham-operated animals, no significant changes in PWT
did not exhibit statistically significant changes of PWT andand PWL data were measured compared to 1 day before

PWL when compared with 1 day before operation or withoperation. No autotomy was found in animals of the CSNT
hind paws of sham-operated rat$igure 1). In hind paws group.
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FIGURE 2 | Representative sections through dorsolateral periaqueductal gray (dIPAG) and ventrolateral PAG (VIPAG) of ngiy,esham- (B), sCCI- (C) and complete
sciatic nerve transection (CSNT)-operatedD) rats immunostained for glial brillary acidic protein (GFAP). The gures show a bilateral increase in the area containing
activated GFAP+ astrocytes in both dIPAG and VIPAG after sCCI or CSNT for 3 weeks. Scale bars = 88n. (E) Schematic representation of the location of dIPAG
and vIPAG and their sampling for western blot analysigF) The top panel shows representative western blot of GFAP protein in PAG of naive and sham-operated
rats and 3 weeks after sCCI or CSNT. (i) indicates ipsilateral and (c) contralateral segments of dorsolateral (dl) and ventrolateral (vl) PAG. Graph below the blot
illustrates density data obtained from three blots after normalization to actin, expressed as fold-change relative to those of sham-operated rats (set as [bdicates a
statistically signi cant difference | < 0.05) compared to the value from sham-operated rats; # indicates a statistically signi cant differencp & 0.05) between the
values from ipsilateral and contralateral vIPAG.

Activation of Astrocytes in PAG and RVM nervous system injury Hekny and Pekna, 20p4We found
after Chronic Compression Injury a significantly larger GFAP+ area corresponding to astrocytes

Compared to Complete Transection in vIPAG than dIPAG in both naive and operated rats.

Increased immunostaining for GFAP is frequently used tosc'at'C nerve injury by SCCI or CSNT for 3 weeks induced

detect activation of astrocytes following various types olpcreased GFAP intensity and a significant enlargement of
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GFAP+ area bilaterally in both dIPAG and VvIPAG whenor sham-operated rats was also observed in sections through

compared to naive or sham-operated controls. In additionRVM prepared from the same brainstems as for OX42 analysis

CSNT gives rise to a larger GFAP+ area in bilateral dIPAG anith PAG. No significant increase in OX42+ areas was found in

only ipsilateral VIPAG when compared with sCCIl. HoweverRVM after CSNT than sCCI of the sciatic nervedures 5A-D

a significantly larger GFAP+ area was seen in VIPAG ofable 3. Activated microglial cells in RVM after both types of

the ipsilateral than the contralateral sidd-iqures 2A-D  sciatic nerve injury were not only highly ramified but some were

Table 2. also transformed morphologically to ““bushy" type microglia
Sections through RVM prepared from the same rats survivingFigures 5A-D insets).

for 3 weeks with sCCI or CSNT also displayed an increase Increased activation of microglial cells in PAG and

in GFAP intensity and robust enlargement of the GFAPRVM after sCCl and CSNT detected by image analysis of

immunopositive area in comparison to RVM sections of naiveDX42 immunofluorescence areas was confirmed by western blot

or sham-operated rat$-{gures 3A-D. Similarly to PAG, CSNT analysis of the OX42 proteirf-{gures 4|, 5E).

gives rise to a larger GFAP+ area than in the same structures of

animals subjected to sCCTdble 2. .
The increased activation of astrocytes in PAG and RVM\IeuronS and Activated GFAP+ Astrocytes

after sCCI and CSNT detected by image analysis of GFABiS_play |mmun03tai‘ning f_or CCL2 While
immunofluorescence areas was confirmed by western bldctivated OX42+ Microglial Cells Are

analysis of the GFAP proteirigures 2F, 3F). Immunopositive for CCR2 in Both PAG and

. . o RVM after Sciatic Nerve Injury
Microglia Activation in PAG and RVM aiter Sections through PAG from naive and sham-operated rats

Chronic Compression in Comparison to show only weak CCL2 immunofluorescence in the cells present
Transection in the dIPAG and VvIPAG columns. However, some cells in
Activated microglial cells were identified by increasedhe narrow region at the Sylvian canal (aqueduct) displayed
immunofluorescence staining for CD11b, detected using higher intensity of CCL2 immunofluorescence than in the
the antibody OX42 and by changes in their shape. WealllPAG and VIPAG areaHgures 6A-D. Sciatic nerve injury
OX42 immunofluorescence and microglial cells with limitedby sCCI and CSNT for 3 weeks induced a bilateral increase
ramification occupied a similar proportion of immunostained of CCL2 immunofluorescence intensity in cells of vVIPAG and
areas in both vIPAG and dIPAG of naive and sham-operateipsilateral dIPAG, while the cells of contralateral dIPAG showed
animals. The OX42 immunoreactive area indicating activatedn intensity like that of naive or sham-operated rats. Intense
microglial cells was remarkably larger in VIPAG and dIPAG ofmmunofluorescence intensity of CCL2 was found in the cells
both sides in PAG sections from sCCIl- and CSNT-operatedf VvIPAG than dIPAG 3 weeks after sciatic nerve injury
rats when compared to naive or sham-operated ones. IfFigures 6E-H. RVM sections of naive and sham-operated
contrast to GFAP+ astrocytes, no significant expansion of theats displayed very faint CCL2 immunoreaction, but the
OX42 immunoreactive area was detected in either dIPAG dntensity increased in the cells 3 weeks after sCCI or CSNT
VIPAG after CSNT when compared to sCCI of the sciatic nerv@-igures 7A-D).
(Figures 4A—-H Table 3. Besides increased immunostaining To reveal the cellular origin of CCL2 protein, one set of
intensity and enlargement of the OX42+ area, microgliakections were double immunostained for CCL2 and GFAP as
activation was recognized by their changed morphologymarker of activated astrocytes or NeuN, a molecular marker
In contrast to only a few processes in sections from naivef neurons. Double immunostaining showed the location of
and sham-operated rats, activated microglial cells in PA@®CL2 protein in all GFAP+ astrocytes as well as NeuN+
displayed more vigorous ramification along with upregulationneurons of PAG and RVMHKigures 7E 8A-F), while OX42+
of the constitutively expressed marker OX4Zgures 4A—-H  microglial cells were free of any CCL2 immunofluorescence
insets). (Figures 7F 8G—I). The same cellular distribution of increased
Increased OX42 immunostaining intensity and enlargementmmunostaining for CCL2 was observed in PAG and RVM
of the immunopositive area compared to RVM sections of naivefom animals subjected to both sCCl and CSNT for 3 weeks.

TABLE 2 | Percentage of glial brillary acidic protein (GFAP+) areaSD in rostral ventromedial medulla (RVM) and dorsolateral (dl) and ventrolateral (vl) periaqueductal
gray (PAG) of naive rats as well as in dIPAG and vIPAG of ipsilateral (ipsi) and contralateral (contra) sides from sham-operated rats and rats with sterile chronic
compression injury (sCCI) and complete sciatic nerve transection (CSNT) for 3 weeks=6 for each group).

Naive Sham sCCl CSNT
ipsi contra ipsi contra ipsi contra
dIPAG 43 1.8 51 26 53 28 86 25 79 23 125 18*% 113 24*
VIPAG 103 2.2¢ 108 2.9°¢ 10.9 2.4° 171 22¢° 13.8 2.8° 236 3.5C T 152 2.8°
RVM 38 1.0 41 19 175 13 208 21%

CSigni cant difference (p< 0.05) compared to dIPAG. Signi cant difference (p< 0.05) compared to Naive or Sham.'Signi cant difference (p< 0.05) compared to
contralateral side.*Signi cant difference (p< 0.05) compared to sCCI.
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FIGURE 3 | Representative medullary sections showing rostral ventromedial medulla (RVM) from naive and sham-operated cont(Al8) and 3 weeks after sCCI or
CSNT(C,D). The pictures illustrate increased intensity and expansion of GFAP immunostaining in RVM after sCCl and CSNT in comparison to RVM from naive o
sham-operated rat. Scale bars = 90mm. (E) The drawing illustrates dissection of RVM samples for western blots including the nucleus raphe magnus and
gigantocellularis pars alpha (triangle}F) The top panel illustrates representative western blot of GFAP protein in RVM of naive and sham-operated rats and 3 weekss
after sCCl or CSNT. Indicates a statistically signi cant difference < 0.05) compared to the value from sham-operated rats.

Immunostaining for CCR2, a receptor of CCL2, was observefFigures 8J-), but no CCR2 immunoreaction was found in
only in OX42+ microglial cells of both PAG and RVM GFAP+ astrocytes.
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FIGURE 4 | Representative sections illustrating OX42 immuno uorescence
staining in dIPAG(A-D) and VIPAG (E-H) of naive, sham-, sCCI- and
CSNT-operated rats. Insets show the typical morphological types of OX42+
microglial cells from the respective animal groups. Scale bars = 99m.
(I) Western blot analysis of OX42 (CD11b/c) protein. The top panel illustrates
representative western blot in PAG of naive and sham-operated rats and rats
3 weeks after sCCl or CSNT. (i) indicates ipsilateral and (c) contralateral
segments of dorsolateral (dl) and ventrolateral (vl) PAG. Graph below the blot
illustrates density data obtained from three blots after normalization to actin,
expressed as fold-change relative to those of sham-operated rats (set as 1).
Indicates a statistically signi cant differencef{ < 0.05) compared to the value
from sham-operated rats.

DISCUSSION

The supraspinal modulatory system is differentially involved
in descending facilitatory and inhibitory pathways to
influence transmission of nociceptive inputs from the
dorsal horn of the spinal cord to the upper structures of
the CNS Heinricher et al., 1989; Porreca et al., 200&
fine equilibrium between the opposing descending controls
exists under normal conditions. Sensitization may durably
alter this balance in favor of facilitations that consequently
give rise to a NPP state. The RVM and PAG of the brainstem
are the principal (and the best studied) structures of the
endogenous modulatory system that alter spinal dorsal
horn processing of sensory inputHéinricher et al., 2009
Despite a growing body of evidence indicating a role for
PAG and RVM in descending pain modulation, the precise
underlying cellular and molecular mechanisms involved in
descending facilitation and inhibition of the dorsal horn remain
elusive.

Several animal models based on sciatic nerve injury are
used to investigate NPP mechanisms and test novel analgesics.
The chronic constriction injury of the sciatic nerve is most
frequent model e included transection. The original CCl model
created by four ligatures of chromic gut (4-0) loosely tied
around the sciatic nerve results in inflammatory swelling
with subsequent compression of the nenie(inett and Xie,
1989. However, Wallerian degeneration distal to traumatic
nerve injury is considered to be neuroinflammation, and it is
impossible to distinguish between nerve inflammation induced
by chromic gut laves et al., 1993; Clatworthy et al., 1paad
proper inflammatory reactions as a consequence of Wallerian
degenerationilusakova and Dubovy, 209 herefore, we used
sCCI of the sciatic nerve to study NPP and glial activation
induced by traumatic nerve injury when damaged axons are
mixed with spared ones influenced with inflammatory mediators
produced only by Wallerian degeneratioBi{bovy, 201). The
CCIl model is associated with symptoms of chronic nerve
compressionBennett and Xie, 1998while the CSNT model is
rather an experimental model to study neuropathic symptoms,
such as Tanesthesia dolorosa”, pain with reference to the
area in the absence of any sensory signalsvr, 199 In
the present study, we used the CSNT model primarily to
compare glial reactions after total and partial (SCCI) nerve
disconnection.

It is well-known that sensitization of the CNS at different
levels by activation of glial cells can contribute to the
development and/or maintenance of chronic pain states after
a PNI (Suzuki et al., 2004 Most experimental results relating
to the role of glial activation in induction and maintenance
of NPP were observations made in the dorsal horn of the
spinal cord Blackbeard et al., 2007; Milligan and Watkins,
2009. Less attention has been paid to the activation of
glial cells in supraspinal structures. For example, activated
astrocytes were found in RVM after unilateral CCI of the rat
infraorbital nerve Vel et al., 200Band in PAG following
CCI of the sciatic nerveMor et al., 2010, 20)1In contrast
to these separate studies in PAG and RVM of different
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TABLE 3 | Percentage of OX-42+ area SD in RVM and dorsolateral (dl) and ventrolateral (vl) PAG of naive rats as well as in dIPAG and VIPAG of ipsilateral (ipsi) and
contralateral (contra) sides from sham-operated rats and rats with sCCI and CSNT for 3 weeks.

Naive Sham sCCl CSNT
ipsi contra ipsi contra ipsi contra
dIPAG 6.9 0.9 72 15 70 12 13.1 1.8 129 26 139 25 13.2 37
VIPAG 79 27 83 26 81 29 134 24 123 3.7 132 24 126 2.2
RVM 0.7 0.2 0.8 0.2 36 12 34 07

Signi cant difference (p< 0.05) compared to Naive or Sham (n = 6 for each group).

FIGURE 5 | Representative medullary sections showing RVM from naive and sham-operated contrdls,B) and rats with sCCI or CSNT(C,D). The pictures illustrate
increased intensity and enlargement of OX42 immunostaining after sCCl and CSNT when compared to RVM from naive or sham-operated rats. Insets show the

typical morphological types of OX42+ microglial cells from the respective animal groups. Scale bars = 4@n. (E) Western blot analysis of OX42 (CD11b/c) protein.

The top panel illustrates representative western blot in RVM of naive and sham-operated rats and rats 3 weeks after SCCI or CSNT. Graph below the blot illustrates
density data obtained from three blots after normalization to actin, expressed as fold-change relative to those of sham-operated rats (set as Ijdicates a
statistically signi cant difference § < 0.05) compared to the value from sham-operated rats.

experimental models with varying times of survival, wewhich displayed both NPP and disability following CCI of the
used the sCCl and CSNT models for 3 weeks to compargciatic nerve I(lor et al., 201). In contrast, dIPAG column

long-lasting activation of astrocytes and microglial cells irhas projections primarily to the dorsolateral pons and the
both RVM and PAG depending on the extent of nerveventrolateral medulla that are implicated in autonomic control

injury.

Activation of Glial Cells in Ventrolateral

and Dorsolateral Subregions of PAG
The vIPAG with the spinal projection of sciatic nervés@y et al.,

(Cameron et al., 1995 Moreover, descending control from
dIPAG has different effects on nociceptive reflexes evoked by
activation of C- and A-delta fibersMcMullan and Lumb,
2009.

Sciatic nerve injury by sCCI or CSNT for 3 weeks induced

1997 has a significant role in descending control of noxiousactivation of astrocytes bilaterally in both dIPAG and VIPAG

afferentation via connections with RVM=(dson and Murphy,

when compared to naive or sham-operated control rats.

2019. In addition to descending control, VIPAG columns haveSignificantly more extensive activation of astrocytes was
projections to many CNS structures critical for the normalobserved in VIPAG on the ipsilateral than the contralateral
expression of sleep-wake cycles and social behavitwsassi  side in both models of unilateral sciatic nerve injury that
et al., 2003; Mor et al., 20)L1An increased number of GFAP+ can be related with the spinal projection of sciatic nerve
astrocytes in VIPAG was mainly detected in a subset of rafeay et al., 1997 In contrast, ipsilateral dIPAG displayed
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FIGURE 6 | Representative sections showing immuno uorescence staining for CCL2 in dIPAG and VIPAG of naif#,C), sham- (B,D) and CSNT-operated (E-H)
rats. Weak CCL2 immuno uorescence was observed in the cells of both dIPAG and vIPAG from naive and sham-operated controls (arrows\ifD). Only some cells
located close to the ependymal layer displayed intense CCL2 immunostaining (broad arrowsAa-D). Sciatic nerve injury for 3 weeks induced increased

CCL2 immuno uorescence intensity in the cells (arrows) mainly in VIPAG of both ipsilateral (vIPAGi) and contralateral (vVIPAGc) ¢(@g4). Sections through dIPAG of
the same animal(E,F) displayed distinct CCL2 immuno uorescence in a larger number of cells close to the ependymal layer (broad arrows) compared to naive and
sham-operated animals. Scale bars = 80vm.

a more extensive activation of astrocytes when compareabktroglial activation in PAG columns by CSNT than sCCI
to the contralateral column but this change was notindicating a dependence on the extent of the sciatic nerve
significant. Our results also revealed a higher induction ofjury.
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FIGURE 7 | (A—D) Representative medullary sections showing RVM from nai(@) and sham-operated (B) controls as well as rats 3 weeks from sCC(C) or CSNT
(D) after immunostaining for CCL2. Compared to RVM of naive and sham-operated raf&\,B), CCL2 immuno uorescence intensity was signi cantly increased in
cells (arrows) of RVM from rats with injured sciatic ner¢,D). (E,F) Representative pictures of double immuno uorescence for GFAP or OX42 and CCL2 in RVM
after sCCI of the sciatic nerve for 3 weeks(E) The section was double immunostained for GFAP (red) and CCL2 (green). The merged picture shows expression of
CCL2 protein in all GFAP+ astrocytes of RVM; nuclei (blue) were stained with Hoech@f) The section was double immunostained for OX42 (green) and CCL2 (red)
The merged picture shows the absence of CCL2 protein in OX42+ microglial cells (arrows); nuclei (blue) were stained with Hoechst. Scale bars #80in (B,E);

40 mm in (A,C,D,F).

In contrast to astrocytes, activation of microglial cells was Taken together, these findings of activated astrocytes and
similar in dIPAG and vIPAG of both sides in the sCCl and CSNTmicroglial cells in vIPAG after sciatic nerve injury suggest
models of the sciatic nerve injury. This suggests that signaling role for activated glial cells in the modulation of activity
leading to microglial activation is maintained bilaterally in bothof this PAG column with respect to descending inhibition
PAG columns 3 weeks after different types of sciatic nerve injurgr facilitation of nociceptive input following nerve injuryN\{
(sCCland CSNT). et al., 2015 It is clinically important that vIPAG and its
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FIGURE 8 | Double immuno uorescence staining in VIPAG of rats 3 weeks from sCC[A-F) Sections illustrating double immuno uorescence staining for CCL2 and
GFAP or NeuN as markers of activated astrocytes or neurons, respectively. The merged picturS,F) show CCL2 protein in activated astrocytes (arrows) and
neurons (arrowheads)(G-L) Double immuno uorescence staining for OX42 as a marker for microglial cells and CCL&-I) or CCR2 (J-L). The merged picture(l)
shows the absence of CCL2 protein in microglial cells. Compare CCL2 positive astrocyte-like cells (arrows) with the absence of CCL2 immunoreaction in microglial
cells (arrowheads). However, OX42+ microglial cells displayed CCR2 immunostaining (arrowhead&)nScale bars = 40mm for (A—F), 75 mm for (G-I), 15 mm for
(J-L).

descending projections to RVM comprise a neural circuitmicroglial cells and astrocytes in VIPAG was observed only in
for opioid-mediated analgesid_éne et al., 2004; Eidson andthose animals made tolerant to morphingifison and Murphy,
Murphy, 2013; Wilson-Poe et al., 2Q1Ihcreased activation of 2013.
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Unilateral sciatic nerve injury (sCCl and CSNT) inducedmediators modulate nociceptive transmission and may influence
bilateral activation of astrocytes and microglial cells in botiNPP induction QelLeo et al., 1996; Coyle, 1998; Colburn et al.,
dIPAG and vIPAG. These results are probably related with th&999; Deleo and Yezierski, 2001; Watkins et al., 2003
bilateral projections from the spinal cord to PAG responses of Several lines of evidence suggest that CCL2 and its receptor
which appear to be predominantly bilateral and non-somatotopicCCR2 are expressed in both neurons and glial cells in the dorsal

(Yezierski and Mendez, 1991; Jones et al., 2003 horn of the spinal cord in animal NPP model§\fite et al.,
. ) . ) 2005; Dansereau et al., 2008; Abbadie et al., 2009; Jung et al.,
Activation of Glial Cells in RVM 2009. CCL2 was detected in primary sensory neurons and

The RVM provides the major common output of descendingtheir afferents in the dorsal horn of the spinal cordanaka
modulatory system that is critical in the maintenance of chronict al., 2004; Dansereau et al., 2008; Jeon et al.).2BéSides
pain statesRertovaara et al., 1996; Porreca et al., 2002; Dubnpfimary afferents, CCL2 protein was also found in GFAP+
and Ren, 2004; Gebhart, 2004; Vanegas and Schaible, 2Cistrocytes activated by SNIG#o et al., 2009 In contrast,
Vera-Portocarrero et al., 2006; Bee and Dickenson, ROthe  immunohistochemical staining localized the CCR2 protein in
RVM is a relay in the pathways from both vIPAG and dIPAGspinal microglia after partial sciatic nerve injurjtfbadie et al.,
columns Hudson and Lumb, 1996with an important dIPAG 2003, whereas the CCR2 mRNA signal was also present in
connection involved in the modulation of endocannabinoiddeep dorsal horn neurons 3 days after SNEaf et al., 2009
stress analgesiaS(plita et al., 2005 Early (1 and 3 days) Upregulation of CCL2/CCR2 in the spinal dorsal horn of
and transient activation of microglia and prolonged reactionNPP models suggests an important role for signaling through
of astrocytes (14 days) were found in RVM in relation tothis chemokine in the modulation of chronic pain induction
long-lasting mechanical hyperalgesia after CCl of the rafreviewed inWhite et al., 2007; Gosselin et al., 2008; White
infraorbital nerve (Vei et al., 2008 In contrast, a bilateral and Miller, 2010. This was also confirmed by attenuation of
increase of astrocyte activation was demonstrated after 3 dalyshavioral signs of NPP in CCR2 knock-out miéépadie et al.,
with a decrease by day 10 following spinal nerve ligatior003.
(SNL). Conversely, although a weak immunofluorescence was With respect to surpraspinal structures, neuronal CCL2 and
observed at day 3, markedly stronger OX42 immunostainings receptor CCR2 associated with microglia were selectively
was found at day 10 in rats operated on SNle¢ng et al., upregulated in the RVM following SNL. Furthermore, injection
201). In our experiments, both types of sciatic nerve injuryof CCL2 into the RVM induced a dose-dependent hyperalgesia
induced a strong activation of astrocytes and microglial cellthat was prevented by pretreatment with the CCL2 inhibitor
in RVM, but no differences were found between the astrocyteRS-102895Guo et al., 2012 This showed that increased levels
and the microglial activation induced by sCCl and CSNT.of CCL2in RVM are related with descending facilitation of NPP.
The results indicated that the intensity of glial activationHowever, the precise cellular distribution of CCL2/CCR2 in PAG
in RVM after long-lasting nerve injury was not related tofollowing PNI still remains unclear.
the extent of axotomy; this is consistent with the status of Our results revealed that neurons and activated astrocytes
the RVM as a common output of descending modulatoryin both PAG and RVM displayed immunostaining for
system. CCL2 protein, while activated microglial cells expressed
Retrograde neuronal death can be assumed as the initial sigr@CR2 after chronic sciatic nerve injury. The results presented
for activation of glial cells after PNIF{ligel et al., 2001 but  here and previously published studies of the cellular distribution
we did not investigate neuronal loss of RVM neurons in ourof CCL2 and CCR2 suggest that CCL2/CCR2 signaling is
experimental animals in relation to glial activation. Howeverjnvolved in the neuron-glia and glia-glia interactions in both
there is some controversy about neuronal loss in RVM irPAG and RVM after long-lasting nerve injury related to
different NPP models. While neuronal loss was found in RVMpersistent pain. Based on the observed earlier activation of
following spinal nerve ligature_gong et al., 20) lit was absent microglia, i.e., preceding astrocyte activatiathéng and De
after CCl or spared nerve injury (SNI) of the sciatic nerkedng  Koninck, 2006; Hu et al., 20))Ave can assume that the injury-
et al., 201) Therefore, other mechanisms of glial activationassociated nociceptive inputs trigger neuronal responses in PAG
should be considered. Since CCL2 has a pivotal role in microgliahd RVM. Among these responses is the release of neuronal
cell activation in the dorsal horn after PNIZfang and De CCL2 that binds to CCR2 of microglia and promotes their
Koninck, 2006; Thacker et al., 2009; Van Steenwinckel et aactivation ¢hang and De Koninck, 2006Activated microglia
2011 Clark et al., 2018 it is worth exploring the critical role may further stimulate astroglial activation through IL-18 and
of this chemokine also on supraspinal glial cross-talk which maincrease neuronal activity via CXCLAl{badie et al., 2009; Gao

exert NPP facilitation after sciatic nerve injury. and Ji, 201 Furthermore, activated astrocytes may contribute
) ) . to increased levels of CCL2 resulting in the augmentation of
Expression of CCL2 and CCR2 in Activated descending pain facilitatior{uo et al., 2012

Glial Cells of PAG and RVM

Activated glial cells upregulate synthesis and secretion @ONCLUSION

numerous cytokines and chemokines that are involved in the

exchange of signals between neurons and the glial cells of CIR&rtial sciatic nerve injury by sCCI results in early and more
structures. It was also demonstrated that these inflammatorglistinct mechanical and thermal hypersensitivity up to 3 weeks.
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While CSNT induced a robust activation of astrocytes inand coordinated the study and wrote the manuscript. IK, IH-S

both PAG and RVM, the activation of microglial cells wasand MJ designed and performed the experiments and also
similar in these supraspinal structures after both types ofarticipated in acquiring and analyzing the presented data. All
sciatic nerve injury. This suggests that activated astrocytes #uthors have approved the final version for publication.

PAG and RVM may sustain the facilitation of the descending

system to maintain NPP states, while activation of microgliaENDING

cells may be associated with the reaction to long-lasting

PNI. Furthermore, CCL2/CCR2 signaling may be involved inThis work was supported by grant No. 16-08508S of the Czech
the neuron-glia and glia-glia interactions in both PAG andScience Foundation and grants from the Vice-Chancellorship of
RVM after either sCCl or CSNT, triggering persistent NPPResearch of the University of Girona to PB-V (MOB2016 and

after PNI. MPCUdG2016/087).
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article info abstract

The anatomical position of the subarachnoid space (SAS)in relation to dorsal root ganglia (DRG) and
penetration of tracer from the SASinto DRG were investigated. We used intrathecal injection of methy-
lene blue to visualize the anatomical position of the SASin relation to DRG and immunostaining of
dipeptidyl peptidase IV (DPP-IV) for detecting arachnoid limiting the SAS.Intrathecal administration of
"uorescent-conjugated  dextran ("uoro-emerald; FE)was used to demonstrate direct communication

between the SASand DRG.Intrathecal injection of methylene blue and DPP-IV immunostaining revealed
that SASdelimited by the arachnoid was extended up to the capsule of DRGin afold-like recessthat may
reach approximately half of the DRG length. The arachnoid was found in direct contact to the neuronal
body-rich area in the angle between dorsal root and DRG as well as between spinal nerve roots at DRG.
Particles of FEwere found in the cells of DRG capsule, satellite glial cells, interstitial space, as well as
in small and medium-sized neurons after intrathecal injection. Penetration of FEfrom the SASinto the
DRGinduced animmune reaction expressed by colocalization of FEand immuno”uorescence indicating

antigen-presenting cells (MHC-II+), activated (ED1+) and resident (ED2+) macrophages, and activation
of satellite glial cells (GFAP+). Penetration of lumbar-injected FEinto the cervical DRGwas greater than
that into the lumbar DRG after intrathecal injection of FEinto the cisterna magna. Our results demon-
strate direct communication between DRG and cerebrospinal “uid in the SASthat can create another
pathway for possible propagation of in"ammatory and signaling molecules from DRG primary affected
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by peripheral nerve injury into DRG of remote spinal segments.
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1. Introduction

The subarachnoid space (SAS)“lled by cerebrospinal "uid (CSF)
is much discussed clinically in the “eld of chronic pain. It is a com-
mon site for application of anesthetics (Czernicki et al., 2014) and
sampling of CSFwhen assessing chronic pain (Zin et al., 2010).
Moreover, neuroin"ammatory  reaction expressed by upregulation
of cytokines (TNFa,IL-6 and IL-10) and chemokines (SDF1/CXCL12)
has been detected in dorsal root ganglia (DRG) both associated
and non-associated with damaged sciatic nerve. These “ndings
suggest that signaling of the molecular changes might be propa-
gated alongside the neuraxis from affected to remote DRG (Jancalek
et al., 2010, 2011; Dubovy et al., 2010, 2013). Moreover, various
types of nerve injury-induced neuroinammatory  reactions have
also been found in the central nervous system structures (Vania
Apkarian et al., 2006). We hypothesize that direct communication

Corresponding author. Tel.: +420 549 493 701; fax: +420 549 491 320.
E-mail address: pdubovy@med.muni.cz (P. Dubov y).

http://dx.doi.org/10.1016/j.aanat.2016.01.004
0940-9602/© 2016 Elsevier GmbH. All rights reserved.

between the SASand DRG could provide a pathway for propa-
gation of signaling molecules alongside the neuraxis among DRG
of different spinal segments via CSF.The “rst goal of our study,
therefore, was to visualize the morphological position of the SAS
in relation to rat DRG. Second, we investigated the penetration of
10 kDa "uorescent-conjugated  dextran ("uoro-emerald; FE)from
the SASinto DRG.

2. Materials and methods
2.1. Animals and surgical procedures

The experiments were performed on 20 adult male rats (Wistar,
200...250g; Animal Breeding Facility of Masaryk University, Czech
Republic). The animals were kept at 22 Cand maintained onal2h
light/dark cycle under speci“c pathogen-free conditions in the ani-
mal housing area of Masaryk University. Sterilized food and water
were available ad libitum . All experimental procedures were carried
out aseptically and according to protocols approved by the Ethi-
cal Committee of Masaryk University, Brno and the Departmental
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Committee of the Ministry of Education, Youth and Sports of the
Czech Republic.

2.2. Anatomical study of the SASin relation to DRG

2.2.1. Intrathecal methylene blue injection

Although fusion of the meninges with DRG has been described
(Shanthaveerappa and Bourne, 1962; McCabe and Low, 1969), a
position of SASIn relation to rat DRGremained unclear. Therefore,
we injected Methylene blue (MB) into SASto macroscopically visu-
alize the precise position of SASin relation to DRG.Animals (n=5)
were anesthetized using a mixture of ketamine (40 mg/ml) and
xylazine (4 mg/ml) administered intraperitoneally (0.2 ml/100 g
body weight). MB was dissolved in arti“cial cerebrospinal "uid
(ACSF; Hylden and Wilcox, 1980) at 1% concentration and 50 |
of this solution was injected into the SASof the cisterna magna.
The micro syringe was inserted through the posterior atlanto-
occipital membrane after skin incision and blunt re”ection of
paravertebral muscles. Animals were sacri“‘ced in CO, and perfused
transcardially with 4%paraformaldehyde. Lumbar (L4...L5)and cer-
vical (C7...C8)DRG were detected in situ following laminectomy
and foraminotomy conducted with great care not to damage the
meninges. Microdissection and analysis were performed under a
stereomicroscope (Leica M50 LED) equipped with adigital camera
(Leica DFC480, Leica Microsystems, Wetzlar, Germany).

2.2.2. Detection of the arachnoid by DPP-1Vimmunostaining

Five rats were sacri“‘ced in CO, and perfused transcardially with
Zambonies “xative solution (Zamboni and de Martino, 1967 ). DRGof
cervical (C7...C8)and lumbar (L4...L5)segments were removed and
then immersed in Zambonies “xative overnight. The DRGwere then
washed in 20%phosphate-buffered sucrose (pH 7.2) and embedded
in Tissue-Tek OCTcompound (Miles; Elkhart, IN, USA).Longitudinal
cryostat sections (12 m) were then cut (Leica 1800 cryostat) and
collected on gelatin-coated microscope slides. The sections were
processed for indirect immuno”uorescence staining to detect DPP-
IV as a marker of the arachnoid (Haninec and Grim, 1990). Af“nity
puri‘ed secondary antibody conjugated with FITC was used for
visualization of DPP-IV immunostaining (Table 1). Cell nuclei were
stained with Hoechst 33342 (Sigma; St. Louis, MO, USA), the sec-
tions were mounted in a Vectashield agueous mounting medium
(Vector Laboratories; Burlingame, CA, USA) and analyzed using a
Nikon Eclipse NI-E epi"uorescence microscope equipped with a
Nikon DS-Ril camera operated by a NIS-Elements software (Nikon,
Prague, Czech Republic).

2.3. Penetration of labeled dextran ("uoro-emerald) from the SAS
into DRGand immunodetection of loaded cells

Ten rats were deeply anesthetized using a mixture of ketamine
(40 mg/ml) and xylazine (4 mg/ml) administered intraperi-
toneally (0.2 ml/100 g body weight). Fluorescent-conjugated dex-
tran ("uoro-emerald, FE, MW =10kDa, lysine “xable, Molecular
Probes, Eugene, OR,USA) was dissolved in ACSF(1.5 mg in 100 ).

Table 1
Primary and secondary antibodies, their dilutions and producers.

The solution (50 ) was injected into the SASusing the micro
syringe through the atlanto-occipital membrane to the cisterna
magna (cervical, n=5) or between the L2 and L3 vertebrae (lumbar,
n =5). All rats were left to survive for 20 h. They were then sacri“ced
in CO, and perfused transcardially with Zambonies “xative solution
(Zamboni and de Martino, 1967). Cervical (C7-C8) and lumbar (L4-
L5) DRGwere removed, immersed in Zamboniss “xative overnight.
The samples were then washed in 20%phosphate-buffered sucrose
for 12 h and longitudinal cryostat sections (12 m) were prepared.
A part of the sections was stained using Hoechst 33342 (Sigma;
St. Louis, MO, USA), mounted in a Vectashield aqueous mounting
medium (Vector Laboratories; Burlingame, CA,USA),then analyzed
using a Nikon epi”uorescence microscope to examine FEpenetra-
tion.

2.3.1. Immuno”uorescence staining

Toidentify FE-loaded cells or cell reaction following FEpenetra-
tion into DRG, the sections were processed for standard indirect
immuno’uorescence  staining with ED1 and ED2 antibodies to
detect activated and resident macrophages, respectively. In addi-
tion, MHC-II antibody was used to detect antigen-presenting cells
(APC), GFAPantibody was applied asamarker of activated satellite
glial cells (SGC),and Ibal antibody was used to detect phagocytic
activity of DRG cells. In addition, Ki-67 immunostaining was used
to visualize proliferation activity of the cells. Primary and sec-
ondary antibodies and their concentrations are listed in Table 1.
Brie"y, the sections were washed with phosphate-buffered saline
(PBS)containing 0.3%bovine serum albumin (BSA)and 0.1%Tween-
20; treated with 3% normal goat or donkey serum for 30 min;
then incubated with primary antibody atroom temperature for an
appropriate time and af‘nity puri“ed secondary antibodies conju-
gated with TRITCwere applied at room temperature for 90 min.
The sections were washed in PBS,stained with Hoechst 33342,
mounted in a Vectashield aqueous mounting medium, and then
analyzed using a Nikon epi’uorescence microscope. The control
sections were incubated while omitting the primary antibodies.

2.3.2. Double immunostaining for GFAPand ED1

A part of DRG sections was double immunostained for GFAP
and ED1 to detect positions of activated macrophages in relation
to sensory neuron-SGC units. Sections were treated with a mixture
of acetone and methanol (1:1) at $20 Cfor 5min, washed with
PBScontaining 0.3%BSAand 0.1%Tween 20, then treated with 3%
normal goat serum for 30 min. The sections were then incubated
with mouse monoclonal anti-ED1 antibody at room temperature
and TRITC-conjugated goat anti-mouse secondary antibody for
90 min. Next, simultaneous immunostaining was done by incubat-
ing the sections with rabbit polyclonal anti-GFAP antibody at room
temperature. After thorough washing in PBS,the sections were
treated with AlexaFluor 350-conjugated goat anti-rabbit secondary
antibody for 90 min. Sections were mounted in aVectashield aque-
ous mounting medium (Vector Laboratories; Burlingame, CA,USA)
after washing in redistilled water.

Primary antibody Type of antibody Dilution; incubation time Producer Secondary antibody Dilution Producer

DPP-IV Mouse monoclonal 1:200; 240 min Santa Cruz, USA Goat anti-mouse 1:100 Chemicon
ED1 Mouse monoclonal 1:200; 240 min Serotec, UK Goat anti-mouse 1:50 Chemicon
ED2 Mouse monoclonal 1:200; 16 h Serotec, UK Goat anti-mouse 1:100 Chemicon
GFAP Rabbit polyclonal 1:250; 180 min Dako, Denmark Goat anti-rabbit 1:100 Chemicon

Donkey anti-rabbit 1:400 Jackson ImmunoResearch

Ibal Goat polyclonal 1:50; 16 h Abcam, UK Biotinylated Donkey anti-goat 1:400 Santa Cruz
Ki-67 Rabbit polyclonal 1:500; 240 min Vector, USA Goat anti-rabbit 1:100 Chemicon
MHC-II Mouse monoclonal 1:100; 240 min Serotec, UK Goat anti-mouse 1:100 Chemicon
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Fig. 1. Representative pictures of lumbar DRG after intrathecal injection of MB (A...C).Arrow indicates the SAS‘lled by MB as a blue stripe at the surface of DRG. The SAS
was in some cases localized at approximately half of DRG length (B). Representative cryostat sections through lumbar DRG immunostained for DPP-IV as a marker of the
arachnoid show the SASdelimited by the arachnoid asafold-like recessreaching DRG(D and E,arrows). Furthermore, the SASisin direct contact with DRGbetween the spinal
nerve roots (D and E,arrowheads) and in the angle between the dorsal root and surface of DRG (E, open arrow). The schematic drawing (F) summarizes the aforementioned
position of the SASdelimited by the arachnoid (dotted green line) in relation to DRG. Continuous black and dashed red lines indicate dura and pia mater, respectively. A
possible route of molecule penetration from CSFinto DRGis depicted by the arrows. Scale bar =3 mm (A), 1mm (B), 500 m (C),200 m (D and E).

2.3.3. Double immunostaining for GFAPand Ibal

Phagocytic activity of GFAP+SGCwas proved by simultaneous
reaction with Ibal antibody as a marker for ionized calcium-
binding adaptor molecule 1. A part of sections was pretreated
(see above) and incubated with rabbit polyclonal anti-GFAP anti-
body at room temperature and Cy5-conjugated donkey anti-rabbit
secondary antibody for 90 min. Then, goat polyclonal anti-lbal
antibody at room temperature was applied overnight following
inhibition  of endogenous streptavidin...biotin  interaction.  After
thorough washing in PBS,the sections were treated with biotiny-
lated donkey anti-goat secondary antibody and TRITC-conjugated
streptavidin  (1:100; Jackson ImmunoResearch, USA) for 90 min.
The sections were washed in PBS,stained with Hoechst 33342,
mounted in a Vectashield aqueous mounting medium. TRITCand
Cy5"uorescence were detected by combination of C-FLEpi-FI TRITC
and Cy5 “lter blocks, respectively. In the caseof Ibal immunostain-
ing, monochromatic images were converted into purple pseudo
color.

2.3.4. Quantitative analysis of FEpenetration into DRGafter
lumbar and cervical administration

The FE+areas were measured in neuronal body compartments
of cervical and lumbar DRG after cervical or lumbar FE injection.
Every third section was used to protect against measuring the same
area twice. Two or three irregular areas of interest per section were
circumscribed in at least 10 longitudinal sections of each DRG in
neuronal body compartment and measured using NIS-Elements AR
Analysis (version 4.20.00, Nikon, Prague, Czech Republic). The FE+

area was selected by thresholding technique (Dubovy etal.,2002).A
percentage ratio of the FE+area to total area of neuronal body com-
partment was counted and calculated for each picture. Results from
four cervical and lumbar DRG were expressed as mean + SD and
compared using Mann...Whitney U test (StatSoft, Tulsa, OK, USA)
with p<0.05 asthe level of signi“cance.

The categories of neuronal body sizes were determined by
diameter calculated from areas measured using NIS-Elements AR
Analysis. Only those neuronal pro“‘les containing nuclei were
counted. The sizes of DRG neurons were categorized as small
(<25 m), medium (25...40 m), and large (>40 m).

3. Results
3.1. Anatomical study of subarachnoid spacein relation to DRG

Intrathecal application of MB was performed to investigate the
in situ position of the SASIn relation to DRG.We found the SAS"lled
with MB as the blue color stripes indicating SASextension to the
surface of DRGin all spinal cord segments (Fig. 1A...C)Longitudi-
nal cryostat sections of cervical and lumbar DRG immunostained
for DPP-IV revealed ablind, fold-like recess delimited by the arach-
noid and protruding up to the capsule surface of DRG. The extent
of this recess varied from short in some sections to approximately
half of DRG length in most cases. Nevertheless, the contact of the
arachnoid with DRG capsule did not seem to be a place for commu-
nication between CSFand DRG.The place for direct communication
between the SASand DRG parenchyma is probably localized at the
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Fig. 2. Representative cryostat sections illustrate the amount of FEdiffused into cervical (A and C)and lumbar (B and D) DRG after cervical (A and B) and lumbar application
(Cand D). Note the greater amount of FEparticles in cervical DRG after lumbar application (C) compared to lumbar DRG after cervical application (B). Fluorescent particles
penetrated into DRGand are dispersed in interstitial space (arrowheads) or loaded by interstitial cells (opened arrow). In addition, FEparticles were found in small neurons
(full arrow) in contrast to large neuronal bodies free of FE"uorescence (asterisks). Scalebar =60 m.

angle between the dorsal root and DRG surface where the arach-
noid was in close contact with the surface of the neuronal body-rich

area. In addition, the SASof triangular shape limited by the DPP-
IV+ arachnoid between the ventral and dorsal roots was also in
close contact with DRG,thus forming another possible communi-

cation point between the SASand DRG (Fig. 1D and E). The position

of meninges and points of a possible communication between the
SASand DRG are shown schematically in Fig. 1F.

3.2. Penetration of FEfrom the SASinto DRGand
immunophenotyping of loaded cells

A robust green "uorescence was found indicating diffusion of

FE molecules from the subarachnoid space into DRG (Fig. 2A...D).

The penetration of lumbar-injected FEinto the cervical DRG was
higher than into the lumbar DRG after intrathecal injection of FE
into the cisterna magna (Fig. 2Band C; Table 2). Particles of FEwere
dispersed in the extracellular spaces of DRG,where they induced a
strong immune reaction asexpressed by macrophage invasion.
Immunostaining for ED1 suggested that most of the FE+cells
invading the interstitial space of both cervical and lumbar DRG
were activated macrophages (Fig. 3A...C).As demonstrated by
double immunostaining for GFAP and ED1 (Fig. 3D...G), some
of the ED1+ cells additionally invaded the sensory neuron-SGC
units. In comparison to ED1, only a few ED2+ macrophages were
observed in the interstitial space of DRG. Round-shaped resident
ED2+ macrophages were predominantly located in the neuronal

Table 2
Percentage value of FE+area to the neuronal body-rich area of cervical (C-DRG) and
lumbar DRG (L-DRG) after cervical or lumbar FEadministration.

C-DRG (xS + SD) L-DRG (xS + SD)

37.13 + 13.46
50.42 + 5.48"

6.94 + 1.80
69.30 + 11.29

Cervical FEadministration
Lumbar FEadministration

* Signi“‘cant difference (p <0.05) when compared to L-DRG after cervical admin-
istration.

body-rich area of DRGand all of them were “lled with FE(Fig.3H...J).
The cells immunolabeled for MHC-II+ found in the interstitial space
of DRGwere divided into amajor population loaded with FEparti-

cles and aminor population without such particles (Fig. 4A...C)The
FEparticles were also observed in GFAP-immunostained SGC.Dou-

ble immunostaining revealed that GFAP+SGCloaded by FEparticles

also displayed immuno”uorescence staining for Ibal (Fig. 4D...F).
In addition, the FE particles penetrated into the bodies of small

and medium-sized neurons whereas the large neurons were free

of FE "uorescence (Fig. 2D). A green FE "uorescence was also
present in the capsule of DRG and attached meninges. The cap-

sule of DRG and attached meninges displayed FE"uorescence and

contained the cells loaded by FE particles that were recognized

as activated (ED1+) and resident macrophages (ED2+) and APC
(MHCII+) (Figs. 3A...CH...J4A...Q. Diffusion of FEparticles induced

a minimal proliferation activity of cells inside DRG and attached

meninges, as illustrated by rare Ki-67 immunostaining (Fig. 4G...I).
All Ki67+ cells were found to be free of FEparticles.

4. Discussion

The relationship between arachnoid and DRG had been investi-
gated by McCabe and Low (1969) ,who used the term esubarachnoid
angleZ to describe the place where meninges reach the surface of
DRG. In addition, Shanthaveerappa and Bourne (1962) had pos-
tulated that the perineural epithelium of spinal nerve is in fact a
prolongation of leptomeninges.

Our results from MB injection showed the blue stripes indi-
cating enlargement of the SASup to the surface of DRG. The SAS
extension in the form of a fold-like recess was also detected by
immunohistochemical  staining for DPP-IV, used as a marker of the
arachnoid (Haninec and Grim, 1990). Moreover, the SASdelimited
by the DPP-IV+arachnoid was found between the dorsal and ventral
roots and asasharp angle between the dorsal root and the neuronal
body-rich area of DRG. These regions constitute a probable path-
way for penetration of molecules from CSFof the SASinto DRG.
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Fig. 3. Cryostat sections through lumbar DRG after lumbar application of FEllustrate the presence of activated (ED1) and resident (ED2) macrophages in DRG. Robust
invasion of ED1+ macrophages is seen in DRG parenchyma, capsule and attached meninges (A...C).A part of activated macrophages (ED1+) are loaded (arrows) or free of

FE particles (arrowheads). Double immunostaining

for GFAPand ED1 reveal that some of activated macrophages invaded the sensory neuron-SGC unit and have become

«satellite macrophagesZ (arrows, D...G)Resident macrophages (ED2+) loaded with FEwere found in DRG capsule and attached meninges (H...Jarrowheads) aswell asin DRG
neuronal body-rich area (H...Jarrows). Cell nuclei were stained using Hoechst (C and J).Scalebar=60 m (A...CH...J)40 m (D...G).

This is in accordance with Abram et al. (2006) , who found "uores-
cein penetration into DRGnear the subarachnoid angle 30 min after
intrathecal injection but apparently paid little attention to this “nd-
ing. Hu and McLachlan (2002) indirectly demonstrated diffusion of
molecules from CSFinto DRGin aregion between the spinal nerve
roots where the aggregation of APCwas found. These previously
published and our present results suggest that possible structural
positions for communication between the SASand DRG are local-
ized in the area where the arachnoid attaches directly to the surface
of neuronal body rich area at the angle between DRGand dorsal root
and among the spinal nerve roots and DRG.

The SASis acommon site for intrathecal administration of anes-
thetics used in the treatment of neuropathic pain and for surgery
(Hawksworth and Serpell, 1998; Czernicki et al., 2014 ). In addition,
the SASmay communicate with epidural space and anesthetics
injected epidurally cross the arachnoid lamina and reach the SAS
(Ohtani et al., 1990; Angel Reina et al., 2008). The analgesic effect
of anesthetics after intrathecal application is explained by their
penetration into the dorsal roots (Hamber and Viscomi, 1999).
However, our results after intrathecal FEapplication suggest a pos-
sible penetration of molecules including anesthetics from the SAS
into DRG, where the primary sensory neurons could be affected.
The effect of anesthetics on neurons has been investigated using
patch clamp technique and explained by selective involvement of
sodium and potassium channels (Safronov et al., 1996; Scholz et al.,
1998; Komai and McDowell, 2001).

We used FITC-conjugated dextran ("uoro-emerald) as a tracer
for studying direct communication between the SAS and DRG.
Fluoro-emerald is lysine “xable conjugated dextran, and it is
used extensively as a retrograde tracer to label neurons (e.g.
after peripheral nerve lesions) or to study axonal sprouting after
surgical nerve anastomoses (Kubek et al., 2004; Zele et at., 2010).

In addition to neuronal tracing, dextrans are used in awide variety
of other applications, including "uid transport, intracellular com-
munication, tracing cell lineage, probing membrane permeability
and endocytosis (Nasomphan et al., 2013; Dai et al., 2014; Hu et al.,
2015). Furthermore, dextrans have been used in clinical practice
(Lamke and Liljedahl, 1976) despite the fact that they can induce
anaphylactic reactions (Zinderman et al., 2006).

Although robust green FE "uorescence was found inside DRG
after both cervical and lumbar intrathecal injection, the amount
of FE diffused into cervical DRG after lumbar administration was
obviously greater than that entering lumbar DRG after cervical
injection. This is in agreement with the “ndings of Kusmirek
et al. (1997), who found that intrathecal injection of opioid
antagonist DAMGO administered both to the cervical and lumbar
regions spreads alongside the neuraxis. However, identical doses of
DAMGO administered to the lumbar SASproduced asuppression of
both hind- and forepaw withdrawals in contrast to cervical admin-
istration where the withdrawals of hind paw were not suppressed.

Diffusion of FEinto the arachnoid and DRGinduced an immune
reaction as demonstrated by immunostaining of FE-loaded cells
for MHC-II, thus indicating APC, as well as for ED1 and ED2
indicating activated and resident macrophages, respectively
(Dijkstra et al., 1985; Dijkstra and Damoiseaux, 1993; Hu and
McLachlan, 2003). The presence of immune cells loaded by FE
in the meninges corresponds with “ndings of Wieseler-Frank
et al. (2007), who postulated that meninges are responsible for
the immune reaction, including secretion of proin"ammatory
cytokines to the CSFafter in"ammatory stimulus. Intrathecal FE
injection did not induce increased proliferation activity (Ki-67+)
of the cells in the meninges and DRG of our experimental rats,
thus indicating that most of activated ED1+ macrophages were
blood-derived. Furthermore, the ED1+ macrophages loaded by
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Fig. 4. Representative cryostat sections of lumbar DRGafter lumbar FEinjection. A...Qllustrate presence of MHCII+ cells (APC)in DRGcapsule and attached meninges (arrows)

aswell asin DRG neuronal body-rich area. The majority of APCwere simultaneously
demonstrate presence of FE particles in SGCdouble immunostained
activity detected using immunostaining
stained using Hoechst (C...Fl). Scalebar=60 m (A...C;G...)40 m (D...F).

FE penetrated into the sensory neuron-SGC units to become the
«satellite macrophage,Z as has been described in an experimental
neuropathic pain model (Dubovy et al., 2007).

Particles of FEdiffused from the SASinto DRGalso labeled SGC,
which protect DRG neurons against foreign molecules (Hanani,
2005). FEinduced activation of SGCwhich was con‘rmed by immu-
nostaining for GFAP.As Ibal is involved in regulation of membrane
ruf’ing and phagocytosis (Imai and Kohsaka, 2002 ), positive double
immunostaining for GFAPand Ibal revealed phagocytic activation
of SGCbhy FE particles. It is noteworthy that we found FE-loaded
SGCmainly around large neurons the bodies of which were free
of FE"uorescence. In contrast, FE particles penetrated and were
observed within bodies of small and medium-sized neurons. This
can be explained by differing numbers of SGCand their lamellae per
neuron, which increase in proportion to neuronal volume (Pannese,
1980; Ledda et al., 2004). Therefore, smaller neurons have poor
protection from fewer SGCand their cytoplasmic lamellae which
would prevent penetration of FEmolecules from interstitial space
into DRG neurons.

Chronic constriction of the sciatic nerve has been shown to
evoke cellular and molecular changes not only in DRG related
to damaged nerve but also in contralateral and cervical DRG
(Dubovy et al., 2013; Jancalek et al., 2011, 2010). There are several
mechanisms for propagating these changes, which spread to the
contralateral and remote structures after unilateral nerve damage.
It has been strongly suggested that these changes are propagated
via the commissural interneurons present in spinal cord and brain-
stem (Koltzenburg et al., 1999). However, molecules involved in
Wallerian degeneration could alternatively be disseminated via

loaded with FE(arrowhead) and a minority is without FEparticles (open arrow). D...F
for GFAPand Ibal (arrows) and in macrophages (arrowheads). G...lillustrate a minimal proliferation
for Ki67 within DRG (arrow) and attached meninges (arrowheads). All Ki67+ cells were found free of FEparticles. Cell nuclei were

the blood stream to the remote structures (Dubovy et al., 2007).
The present results suggest direct communication between the
SAS‘lled with CSFand DRG alongside the neuraxis to make pos-
sible another non-synaptic pathway for exchange and spreading
of molecules between primary affected DRG and those in remote
spinal segments.

5. Conclusions

The anatomical position of the arachnoid and intrathecal
injection of "uorescent-conjugated dextran indicate direct com-
munication between the SASand DRG and that the molecules of
CSFcould be directly diffused into DRG. A penetration of dextran
molecules into DRG was con‘rmed also by loaded immune cells
and activated SGCaround large neurons. In addition, diffusion of
dextran into small and medium-sized neurons suggests a possi-
ble modulation of their activity by molecules present in CSFor
exogenous drugs after their intrathecal administration. Direct com-
munication between the SASand DRG creates another pathway
for possible propagation of in"ammatory and signaling molecules
from DRG primary affected by peripheral nerve injury into DRG of
remote spinal segments.
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highlights

€ Numbers of ED1+and ED2+ epiplexus macrophages increased with duration of CClI.

€ Sham-operated CPalso displayed an increase in the number of epiplexus macrophages.
€ No signi“‘cant CPcell proliferation was found after either sham or CCloperation.

€ In"ammatory reaction of CPwas observed after both nerve injury aswell as surgery.
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abstract

The choroid plexus (CP)of brain ventricles forms the blood...cerebrospinal "uid (blood...CSF)barrier that
isinvolved in many diseases affecting the central nervous system (CNS).We used ED1 and ED2 immunos-
taining to investigate epiplexus cell changes in rat CPafter chronic constriction injury (CCI).In contrast
to naive CP,the CPof sham-operated rats showed an increase in the number of ED1+ cells of a similar
magnitude during all periods of survival up to 3 weeks, while the number of ED2+increased only at 3 days
from operation. In comparison to naive and sham-operated animals, the number of ED1+and ED2+ cells
in the epiplexus position increased with the duration of nerve compression. We detected no or negligible
cell proliferation in the CPafter sham- or CCl-operation. This suggests that increased number of ED1+
and ED2+ cells in the epiplexus position of the CPis derived from peripheral monocytes passing through
altered blood...CSHoarrier. The changes in epiplexus cells indicate that the CPreacts to tissue injury after
the surgical approach itself and that the response to peripheral nerve lesion is greater. This suggests a
role for an altered blood-CSF barrier allowing for propagation of signal molecules from damaged tissue
and nerve to the CNS.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

and stellate. They also have the typical cytological features of acti-
vated macrophages including vacuoles and lysosomes [1...3]. There

The choroid plexus (CP) in the brain ventricles consists is a growing body of evidence for a key CProle in many disorders
of vascularized stroma and epithelial cells that constitute the including in"ammatory, neurodegenerative, infectious, traumatic,
blood...cerebrospinal "uid (blood...CSF)barrier. The vascularized neoplastic, as well as systemic diseases [1,2]. It has been found
stroma contains loose connective tissue, fenestrated capillaries, that peripheral in"ammation caused by lipopolysaccharide induces
and macrophages. The ventricular side of the stroma is covered by molecular and cellular changes in the CP[4]. Wallerian degenera-
epithelial cells that are responsible for secretion of cerebrospinal tion of damaged nerve is considered to be aseptic in"ammation [5]
"uid (CSF).Choroidal epithelial cells are connected by tight junc- and produces damage associated molecular patterns (DAMPS) [6] .
tions that are the main component of the blood-CSF barrier. The Moreover, Apkarian et al. [7] found an increased level of IL-1 beta
epiplexus or Kolmer cells adhere on the ventricular side of the CP in supraspinal structures after peripheral nerve injury. We hypoth-
epithelial cells and are regarded as part of the CP.These epiplexus esize that Wallerian degeneration molecules, such as DAMPs, can
cells display diverse morphologies ranging from round to polar affect the CPvia the bloodstream. The aim of our study was to inves-

Corresponding author.

tigate whether aperipheral nerve injury can alter the epiplexus cell
composition of the CP.Changes in the number of epiplexus cells
may indicate a disruption of blood...CSFbarrier and its role in the

E-mail address: pdubovy@med.muni.cz (P.Dubov ). propagation of molecules from damaged peripheral nerve to CNS.
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Fig. 1. Representative images showing immunostaining with ED1 antibody in the CPfrom naive rats and operated rats at 3, 7, 14 and 21 days (3D, 7D, 14D and 21D) after
CCl.Arrows indicate ED1+ epiplexus cells. The insets on the upper right show, at higher magni“cation, the regions indicated by the box in the main part of the image. Scale

bars =80 m (main image); 20 m (insets).

2. Material and methods
2.1. Animals and surgical procedures

The experiments were performed on 52 adult male rats (Wis-
tar, 200...250g; Animal Breeding Facility, Masaryk University, Czech
Republic). All experimental procedures were carried out aseptically
and according to protocols approved by the Ethical Committee of

Table 1
Primary antibodies used, their dilutions, time of incubation, and suppliers.

Name Type of antibody Dilution Incubation time  Supplier
ED1 Mouse monoclonal 1:200 240 min Serotec
ED2 Mouse monoclonal 1:200 16 h Serotec
Ki-67  Rabbit polyclonal 1:500 240 min Vector Laboratories

Masaryk University, Brno and the Departmental Committee of the
Ministry of Education, Youth and Sports, Czech Republic.

Rats were anesthetized with a mixture of 5% ketamine
(100 mg/kg) and 2% xylazine (10 mg/kg) administered intraperi-
toneally. The chronic constriction injury (CCI) of the left sciatic
nerve was created using three ligatures (3-0; Ethicon, Somerville,
NJ) that reduced the nerve diameter by approximately one-third.
The retracted muscles and skin incision were closed with 3-0 silk
sutures and the animals were exposed to CClfor 3 (n =8), 7 (n =8),
14 (n=8), and 21 (n=8) days. The left sciatic nerve was merely
exposed but left without any lesion in sham-operated rats surviving
for 3(n=4), 7 (n=4), 14 (n =4), and 21 (n =4) days.

The CCI- and sham-operated rats as well as naive rats (n =4)
were sacri“‘ced using CO,,then perfused transcardially with 500 ml
heparinized (1000 units/500 ml) phosphate-buffered saline (pH
7.4) followed by 500 ml of Zamboniss “xative [8]. Brains were
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Fig. 2. Representative sections showing immunostaining with ED2 antibody in the CPfrom naive rats and operated rats at 3, 7, 14 and 21 days (3D, 7D, 14D and 21D) after
CCl.Arrows indicate ED2+ epiplexus cells. The insets on the upper right show, at higher magni“cation, the regions indicated by the box in the main part of the image. Scale

bars =80 m (main image); 20 m (insets).

removed and immersed in Zamboniss “xative for 3 days, then
washed in 10% sucrose and embedded in Tissue-Tek OCT com-
pound (Miles; Elkhart, IN). Coronal cryostat sections (20 m) were
cut (Leica 1800 cryostat; Leica Microsystems, Wetzlar, Germany)
and mounted onto chrome-alum covered microscopic slides.

2.2. Immunohistochemical staining

The brain sections of naive, sham- and CCl-operated animals
were immunostained under identical conditions with ED1 (anti-
CD68) and ED2 (anti-CD163) antibodies to detect macrophages
with activated phagocytosis and resident tissue macrophages,
respectively [9]. The proliferation of CP cells was assessed using
Ki-67 immunostaining [10] . Sections were washed with phosphate-
buffered saline containing 0.3% bovine serum albumin and 0.1%
Tween-20, treated with 3% normal goat serum for 30 min, and

then incubated with the primary antibody at room temperature
(Table 1). Af‘nity puri“ed TRITC-conjugated goat anti-mouse or
goat anti-rabbit secondary antibodies were applied at a “nal dilu-
tion of 1:100 at room temperature for 90 min. Control sections were
incubated in parallel by omitting the primary antibodies. Immunos-
tained sections were rinsed, stained with Hoechst 33342 (Sigma;
St. Louis, MO) to detect positions of cell nuclei, and mounted in
a Vectashield aqueous mounting medium (Vector Laboratories;
Burlingame, CA).Immuno’uorescence was observed and analyzed
using a Nikon Eclipse NI-E epi”uorescence microscope equipped
with a Nikon DS-Ril camera (Nikon, Prague, Czech Republic).

2.3. Image analysis

At least 10 sections cut at 60 m intervals through the brain
ventricles containing the CPwere analyzed in each group. The CP
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Fig. 3. Number of ED1+ (A) and ED2+ (B) macrophages per mm 2 of the CParea from naive rats, sham- and CCl-operated rats at 3, 7, 14 and 21 days after operation.

“Indicates signi‘cant difference (p <0.05) when compared with the CPfrom naive rats.

+Indicates signi“‘cant difference (p<0.05) when compared with the CPfrom sham-operated rats.
++Indicates signi“‘cant difference (p<0.05) when comparing individual times of survival after CCI.

area was determined, manually edited when needed, and mea-
sured using the NIS-Elements AR Analysis (version 4.20.00, Nikon,
Prague, Czech Republic). Numbers of ED1+ and ED2+ cells were
manually counted in the de“ned area of the CP.The number of pos-
itive cells calculated for 1 mm 2 of CParea was presented as mean
plus or minus standard deviation. Two independent investigators,
who were blind to the group of animals, counted the number of
immuno”uorescence  positive epiplexus cells and no differences
were observed between the two sets of values. The data were com-
pared for CPsections from naive, sham- and CCl-operated rats. To
verify differences between groups, a Mann...Whitney U-test was
performed using STATISTICAS.5 software (StatSoft, Tulsa, OK, USA)
with a signi“cance level of p<0.05 for differences between the
tested samples.

3. Results

Immunostaining for ED1 and ED2 showed activated and res-
ident macrophages, respectively in the epiplexus position in all
groups of animals. The numbers of ED1+ macrophages in the CP
of sham-operated animals surviving for all investigated survival
periods were signi“‘cantly increased compared to the CP of naive
rats. In comparison with the CP of sham-operated rats, signi‘-
cantly increased numbers of ED1+ macrophages were found 7, 14
and 21 days after the CCloperation. At 3 days after sham and CCI
surgery, the CPdisplayed similar numbers of ED1+ macrophages.
The numbers of ED1+ cells were higher than naive rats in the CPof
CCl-operated and increased with time of survival (Figs. 1 and 3 A).
No changes in ED1+ and ED2+ macrophages were observed in the
CPstroma aswell asin the meninges and blood vessels close to the
CPin animals of all groups.

Epiplexus cells immunostained for ED2 were signi“‘cantly more
numerous in the CP 3 days after sham operation when compared
with the CP of naive animals. In contrast to ED1+ cells however,
the number of ED2+ cells dropped back to values close to naive CP
over time (7, 14 and 21 days of survival). After CCl,the numbers of
both ED1+ and ED2+ macrophages gradually increased with time
of survival (Figs.2 and 3 B).

Immunostaining for Ki-67 showed no or very low proliferation
of CPcells in all animal groups and periods of survival (results not
shown).

4. Discussion

The presented results reveal that mere surgery including skin
incision and retraction of muscles of sham-operated as well as
peripheral nerve injury of CCl-operated rats affected the number
of macrophages in the epiplexus position (Kolmer cells) of the CP
with higher numbers of ED1+than ED2+cells. This indicates that the
surgical approach itself (even under aseptic conditions) may elicit
recruitment of ED1+and ED2+ cells into the epiplexus position, but
alarger increase was induced by nerve injury starting from 7 days.
The cellular and molecular changes in nervous structures induced
by a surgical approach itself have been described by other authors
also [11,12] .

A peripheral in"ammatory  stimulus by lipopolysaccharide
induced the synthesis of pro-in"ammatory  cytokines in the CP,thus
indicating that the structure must be considered a relevant medi-
ator of immune signals between the periphery and the brain [13].
Moreover, an increased number of macrophages in the epiplexus
position of the CPwas also found in the same model for peripheral
in"ammation  [4] .

Animal experiments revealed that nerve injury can induce
in"ammatory  reactions in dorsal root ganglia unrelated to the
injured nerve as well as in remote structures of the brainstem,
thalamus, and prefrontal cortex [7,14...16]. The results presented
here demonstrate that anerve injury causesincreased numbers of
ED1+ and ED2+ epiplexus cells and that this cell augmentation is
not the result of their local proliferation. The question then arises as
to what are the signaling pathways leading to these in"ammatory
cellular and molecular changes. Wallerian degeneration distal to a
nerve injury is a source of DAMPs and in"ammatory mediators. |t
is believed that the in"ammatory reaction of remote structures not
related to the primary injury can be induced by DAMPs released
from damaged tissue and distributed via the bloodstream [15,17] .

Increased number of immunoreactive CP cells could be due
to de novo or enhanced synthesis of molecules recognized by
ED1 and ED2 antibodies. However, it is more likely that these
enhanced numbers of epiplexus cells are the result of prolifera-
tion of local epiplexus cells and/or in“ltration of cells considered
to be their precursors,circulatory  monocytes [4].Inasmuch as Ki-
67 immunostaining in the CP of our experimental animals was
not increased, we presume the enhanced numbers of epiplexus
macrophages both after surgery itself and after nerve injury are
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derived from recruited monocytes. Migration of nerve injury-
activated macrophages from the dorsal root ganglia via CSH18...20]
or through an altered blood-brain barrier [21] might be another
source of the increased number of epiplexus macrophages.

Alteration of tight junctions in the CPhas been detected in var-
ious models of neuroin"ammation  [22] . There is speculation that
cells from the bloodstream can reach the epiplexus position via
altered tight junctions and/or through the cytoplasm of epithelial
cells by semperipolesis,Z as has been described in monkey [23].We
suggest that a peripheral nerve injury could alter tight junctions of
CP epithelial cells, thereby resulting in penetration of circulating
monocytes into the epiplexus position. The monocyte recruitment
may be stimulated by chemokines released by epithelial cells [24]
as well as T-lymphocytes of the CP[25] . However, further exper-
iments are needed to elucidate the precise mechanisms of the
increase in epiplexus macrophage numbers induced by surgical
treatment or nerve injury.

5. Conclusion

To summarize, we demonstrated signi“‘cant quantitative
changes in ED1+ and ED2+ epiplexus cells in the rat CP following
chronic constriction injury of the sciatic nerve. A limited increase
of the epiplexus cells was found also after surgical treatment of
sham-operated rats. The absence of accompanying changes in Ki-67
immunostained cells showed that enhanced epiplexus cell num-
ber is not derived from local cell proliferation but points to a
recruitment of cells derived from blood monocytes. We suggest that
DAMPs released by damaged cells after surgery (sham-operation)
and during Wallerian degeneration of injured nerve, are responsi-
ble for the alteration of the blood...CSPoarrier leading to increased
numbers of epiplexus cells.
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