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Abstract

This dissertation addressed two main hypotheses:

1. BDNF acts through different receptors and/or transduction mechasigmincrease release
of excitatory transmitter onto excitatory neurons (using the Trk B signaling pathways) and to
decrease release of excitatory transmitter onto inhibitory neurons (via the p75 signaling
pathway).

2. The release of C9Fby primary affererg after nerve injury leading to the generation of
neuropathic pain involves an excitatory action on the dorsal horn mediated via the release of

BDNF

Using an organotypic slice preparation of mice spinal cord slices, seven
electrophysiological cell typesere identified in thesubstantia gelatinosaof GAD6fEGFP
Tamaguchi GL white albino Swiss miaesingwhole-cell recordingOf the seven cell typesethy
tonic and delay irregulawhich are excitatory in naturamost never expressed GAD67 (GAD67

EGFB and are largely glutamatergic

Long termchronic studiesisingdefined medium organotypic cultures (DMOTC) of mice
spinal cords was established and it wdgtermined that allthe seven neuronal phenotypes found
in acute slices were preserved in culturehe sability of the overall neuronal population
decreased but stabilized over the entire duration in cultared slices were intact and healthy
during the period of growth. These observations suggested the suitability of using defined

medium organotypicwtures of mice spinal cord as loigrm disease state models.



Prolonged BDNF treatment caused an increase in synaptic drive in delay neurons in BDNF
treated slices and a weaker increase in the frequency of SEPSC was seen irE&&PGYeurons.
The effecs seen in delay neurons from BDNF treated cultures were both pre and post synaptic
and involved the BDNF/TrkB signalling mechanism. Presynaptic effects dominated in- GAD67
EGFP neurons recorded from BDNF slices and involved the BDNF/p75NTR signalling pathwa
The debate as to whether CSIFactivation of resident microglia in the spinal cord is
responsible for the release of BDNF leadimgneuropathic painvas investigatedExperiments
using the BDNF binding proteifirkb-FC showed that the effects of CB&re largely affected by
BDNF mediated pathways on delay neurons and BDNF independent pathw&ADSYEGFP
neurons Thus, BDNF release from spinal microglia as a result ¢f @3ivation may contribute

to the overall increase in excitability by delaycgatory neurons.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 A Brief History of Pain

Overseveral centuries and even millennia a number of theori@gehbeenput forward

to describe mechanisms underlying pain perceptigenins 1988 Perl 2007. Some early
researchers described pain alongside other common sensations. Howneeremotional
character of pain had been highlighted by Aristoffgistotelian concept of Pain, commonly
referred to as affective concept of paiand by Darwirover 100yearsago Theindependent
discovery that painful and thermal sensations could be selectively elicited from discrete spots on
the skin by Blixyon Frey, Schitind Donaldson in th&800s, allowed for a school of consideration
that painfrom heat or sharp needlesmanat from specific sensationgSchiff 185§ Specificity

theory of pain).

1.1.1 Specificity Theory of Pain

The specificity Heory refers to the presence of dedicated pathways for each
somatosensory modalittMoayedi and Davis 2013A key tenetof the ecificty theory is that
each modality has a specific receptor and associated sensory fiber (primary afferent) that is
sensitive to one specific stimulpubner 1990 Proponents of this theory assume thaon-
noxious mechanical stimuli are encoded by Hitnesholdmechanoreceptorswhichin turn are
associated withspecificLINRA YI NB | FFSNByY (i @K 12 NiB QINBéadsNie  (1a2S ¢
neurons in the spinal cord or brainste(Moayedi and Davis 20)3vhich project in turn to
& K A 3 ednNdenters Likewise, noxious stimuli would activate a nociceptor, which would

projectto spinal cord andk A 3 K S NJ & LNiahaydistincOatyivias NJ



René Descartes, thérench philosopher notedas one of he first to descibe
somatosensory pathway in humankescribedpain as a perception that exists in the brain and
went on further tomake the distinction between nociceptioand the perceptual experience of
pain (Descartes 1962 A pivot of5 S & O NJi Swa®his dsSigtidiiEof nerves, which he
perceived as hollowtubulest that convey both sensory and motor informatiam. as much as
his understandin@f pan was beyond his contemporarigderophilus the Greek physiciahad
earlier on in the third century BC demonstrated the existence of sensory and motor nerves, and
Erasistratusthe famous Greek anatomist and physicidemonstrated thatthe brain influenced
motor activity (Rey 1995 Hundreds of years lateiGalen demonstrated that sectioning the
spinal cord caused sensory and motor defi¢idxhs 2004 further to this hepostulated that

three conditionsneeded tobe met for perception:
1) Anorgan must le able to receive the stimulus
2) Theremust be a connection from the organ to the braand

3) A processing center that converts the sensation to a conscious perception musiReist
1995

Contributingli 2 DI £ S yDestartdshestBlatethat a gate mustexist between the
brain and tre tubular structuresr{erveg, whichis opened by a sensory cue

The modern concept of a dedicated pain pathwegs developed by Charles B@lell
1987). Invegigations that lead tohe discovery of specific, cutaneous touch receptors, such as

Pacinian corpusclg®acini 183% a S A & a ys@dyKeissnerA86pd SNJ St @arkeRA & Oa



1879 Y R w dzF -BriyayisiROffini 1894, Rurther providedevidenceto the specificity theory
of pain

In furtherance of the specificity theory of paigchiff and Woroschilofin a series of
expermentsestablished the presence of two pathways at different levels of the spinal cord: the
anterolateral pathway for pain and temperature and the posterior bundles for tactile sensibility
(Dallenbach 1939Rey1995. This assertion was largely confirmed by the physici@illiam
Richard Gowers in London, wtioough a case study on a patient who heatullet wound to the
gray matter of the spinal cord lost the sense of pain and temperature but not t(RRej 199%
This finding largely led to the conclusion thiiere were specific pathways for pain and
temperaturedistinct from that of touch. Howeverin spite of this evidence there were strong
opposition to theidea of the specificity theory. A major turning point arose when Alstrian
Goldscheider published his findings sensory spots on the ski{pallenbach 1938n which he

defined them aginy areas of the skin that elicit aesggific sensation when touched.

1.1.2 Intensity Theory of Pain

An Intensive (or Summation) Theory of Pasenimonlyreferred to as the Intensity
Theory)was frst, put forward in the fourth century BC by Plai&odderis 1998 The theory
defines pain, as an emotion that occurs when a stimulus is stronger than Cardtibutions by
(Darwin 1803 and Wilhelm Erb(Dallenbach 193ghighlighted the fact thapain occurred in any
sensory system when sufficient intensity was reached rather than being a stimulus modality in

its own right In a series of experiments in 183ernhard Naunyishowed that repeated tactile



stimulation (below the threshold for tactile perception) produced pain in patients with syphilis
who had degenerating dorsal columfiXallenbach 1939Worthy of note was \wen this stimulus
was presengd to patients 6Q; 600 times/s andhey rapidly developed what they described as
unbearable painHe concluded thathere must be some form of summation that occurs tioe
subthreshold stimuli to become unbearably painf@oldscheider suggestethat repeated
subthreshold stimulation or supsthreshold hypesintensive stimulationcould cause painThis

theory gained great prominence armbmpetedstronglywith the speciicity theory ofpain.

However, therevolutionary work oSherringtoron theexistence of sensory receptdesd

to the loss of support for thentensity theory of pain

1.1.3 Pattern Theory of Pain

The pattern theory proposes that somatic sense organsshaw extensive range of
responsiveness and that individual afferent neurons respond to stimuli with differing
relationships to intensity. The mode and locus of stimulation are indicated by the composite

pattern of activity in the population of fibres fromparticular body region.

However, this was subsequentipallenged by Goldscheidevho argued that pain is the
result of intense stimulation, regardless of modality and tissue origin, with a centrally modifiable
threshold(Goldscheider 189g(IntensitycSummation theory of PainGoldshS A R &rglideént
served as the template for explaining the allodynia typically seen in neuropathic pain as a

lowering of the central threshold fopain along a mechanical continuu(@raig 2008 The



specifcity theory of painwas further strengthened bgubsequentindings that clearly showed

the spinal dissociation of pain and temperaturasations.

1.1.4 Other Pain Theories

1.1.4.1 The Affective Quality of Pain:

1.1.4.1.1 Pleasure-Pain Theory.

Thiswas strongly supported by many philosophers and in 1895, Marshall proposed the
pleasurepain theory(Marshall 189% Bridging theviews held by physiologists, philosophers and
psychologists{Strong 1895 postulated that pain consists of the original sensation and the
psychic reaction provoked bydtsensationSherrington, in his review on sensation in the 1900s
(Sherrington 190F RS&aONAROGSR LI Ay Fa LI NI 2 Ftensidhdf aASy asS
common sensation, however in the 1940s he rephrased his description as that; pain is a special
sensation by introducing nociception, that is, sensory activity evoked selectively by noxious

stimuli that cause or threaten tissue damage.

1.1.4.1.2 Peripheral Pattern Theory.

In the twentieth century some researchers believed that pain was helped or supported
by specific receptors with fibers projecting to the spinal cord where specific pain pathways in the
neuraxis carry the pain informatiom ta pain cente(Head 1920 (Sinclair 195pand (Weddell

1955 proposed theperipheral pattern heorysuggesting that all fibre endings are alike and the



spatial and temporal pattern of their discharge is produced by intense siioul of nonspecific

nociceptors.

1.1.4.1.3. The Central Summation Theory.

Thissupported the intensty theory suggesting that nerve and tissue damage activate
fibres projecting to spinal internuncial neuron pools creating abnorreaémeratory activy

that selfexcite neural loop¢Livingston 1948

1.1.4.2. Duality concept of pain

This wariginally proposed by Strongndwas reintroduced by Hardy et al. (195hd formed

the basis for thedurth Theory of Painwhichprimarily suggests that pain includes two

componentsthe perception of pain and the reaction to it

1.1.4.3 Sensory Interaction Theory.

A few years later Nordenbos (1959) proposed th&nsory Interaction Theory which
assumes two systemthe slow unmyelinated and small myelinated afferent fibers systemch
transmits pain, and thé&ast myelinated systenwhich is responsible for the other somatosensory
modalities. The former projects to the cells in the dorsal horn and the summation of their input,

once transmitted to the brain, is responsible for pairhe latter inhibits the transmission of



impulses from the small fibers and prevents summati@arli 2012 This explains why specific
diseases and ailments that selectively targets dadtroylarge myelinated fibers results in the

loss of inlibition and thus increases the probability of summation and abnormal neural .flnng

the fifties all these observations documented over centuries were collated and documented into
the books of(Noordenbos 195§ (Livingston 194Band (Bonica 1953Bonica 1991whose book,

The Management of Pain, has been used by generations of doctors interested in pain medicine
and treatment. Key findings by Perl, Iggo, and others in the 1960s in identifying
electrophysiologically distinct primary afferent nociceptors and mechanoreceptors strengthened
the specificity theory of painAs such at there werthree experimental thedes formulated :¢

the Specificity Theory, the Intenshi8ummation Theory and the Aristotelian concept that pain is

an affective qualitfCali 2012).

However, inl965Melzack & Wall postulated the convergent gate control theiMglzack
and Wall 196} which strengtherd and extended the pattern/intensity theory into the spinal
dorsal horn . Key papers by these two; Melzack & \(#dllzack and Wall 1965Vall 1973
Melzack and Wall 1983trongly sought to argue particularly against the thought that activity in
y20A0SLIi2NA | a O®rgughitsadmissibn/sisS Ya i BRI K 3K Ay OSy (i SN
is synonymous with the psychological experience of pHie convergent viewf pain as such

continuesto dominate textbooks and research literature.
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1.1.4.4 The Gate Control Theory

TheGate Control Theory of Paformulated by(Melzack and Wall 19¢%vas one of the
most important ideas put forward in the sixtidgat would revolutionize research in paimtheir
assessment dhe specificityjntensiveand pattern theories(Melzack and \&ll 19629 were very
critical ofthe specificity theorybecausethe theory as it stood did natake into account that
information, once coded at the level of the peripheral receptayuld be modulated during
transmissionMelzack and Wall also assumédtht thethreshold toeffect pressure stimuli varied
from low to high intensity in a continuous distributidhus not taking into cognance the
evidence (lggo 1959 Hensel, Iggo et al. 19p@&dducedthat some unmyelinated afferents
respond only to high threshold thermal/mechanical stimuli aeibehave like nociceptors.
(Melzack and Wall 196%lescribed ke intensty theory as beenstrongly supported by evidence
on central summation and input control, bthiey alsoignored peripheral specificityWith this
idea theysuggestd that pain canot be causedy the neural activity occurring in nociceptive
pathways but results from the activity in several interacting neural systems, each with its own
specialized function(Carli 2012 With these considerations they proposed the gate control

theory for pain(Melzack and Wall 1965vhich assumes that

1) there is a mechanism modulating the transmission from peripheral afferent fibres to

spinal cord Tansmissiorcellsin the dorsal horn

2) the activity in large fibers tends to inhibits theansmission of small fibers to
Transmissiorcells (gate closure) by activating the inhibitory effect of SG (substantia gelatinosa)

gating mechanism; the activity in small fibres tends to excite thestrassion to flansmission



cells (gate opening) by bladky the inhibitory effect of SG gating system; the relative amount of

activity in the large and small fibres systems is critical for opening the gate;

3) the SG activity and the spinal gate mechanism are influenced by the descending

information from the lain;

4) SG axons inhibit presynaptically both large and small fibres projectimgrsriiission

cells;

5) The large, fast conducting fibre system projects to the central control system which
alerts selectiveeognitive processes #bto influence the desendingcontrol system modulating
the gating mechanismsThe gate control theory is critical for identifying the sensory

discriminative aspects of the stimulus in order to program an appropriate resg@Qasé 201}

¢KS DIGS /2yiNRBE ¢KS2NE 2F tFAYy (Kdza LINEC
adzLIL2 NI SR FyR NBO2yOAf SR (KS | LILJ NByd RAFTFSNEBE
of Pain.However, in spite of the pioneering work flelzack and Wall 19¢5there were major

defects to this theory.

1.1.4.4.1. Shortcomings of the Gate Control Theory.

Major defectsof this theory semfrom the following

1)¢KS AGLINAYIFNEB FFFFSNBYG KELISNLRfFNRIFGA2YE

terminals at the level ofxon terminals of A fibres synapg to TTansmissiomeurons) has never
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been confirmed and, on the contrary, both A and C sbegoke primary afferent depolarization

(Franz and Iggo 196&Zimmerma.M 1968Whitehorn and Burgess 19Y.3

2) (Melzack and Wall 196%ailed to acknowledge the fact that there was provesearch
on the functional properties of specific nociceptdiBessou, Perl et al. 196€hristen and Perl

1970) (Christen and Perl 19F@ndthis contradictedsome portions of the gte control theory.

In spite ofthe ambiguity of the gte control theory it must be admitted that although only
the concept of convergence between different afferent inputs at spinal level has survived the test

of time, we cannot discourthe importance ofthis seminal paper bfMelzack and Wall 1965

1.1.5 Components of Pain

Over the years, ihas become increasingly acceptathat pain is not simply a sensation
generated ly nociceptors, but also a perceptual phenomenon with particular emotional qualities
(Fernandez amh Turk 1992 As has been broadlccepted pain has twovital components: a
sensory omociceptive component, and an emotiahor affective component.In the not too
distant past thehistory of painhadbeen dominated by a view relating pain primatidytissue
damageand such causality been as a resulstinulation of peripheral receptors (nociceptors)
at the site of injury and transmittinthis information along afferent pathways to a pain center in
the brain (Fernandez and Turk 199ZThere hasalsobeen reports of pain in the absence of
identifiable tissue damage commiyrobserved in psychtric patients(Chaturvedi 198y among

those motivated by monetary compensation and tertiary g@okan, Ries et al. 198%and in

11



conditions like caudgia and phantom limb syndrome whepain can persist despite healing of
the primary site of injury, a phenomenon referred to as spontaneous fdelzack 1973
Experiencingissue damage without pain, issal possible, particularly during intense physical
activities such as sport and comb@all 1979. All these contribute to what is commonly

referred to as the sensory component of pain.

Pain as a subjective, perceptual experience, is characteadly different from pure
sensation due to its affective quality. Sensation may be external (e.g., pressure, temperature) or
internal (e.g., aches, burning), and affect may pertain to level of arousal or qualitatively different
emotions (e.g., anger, feasadnessjFernandez and Turk 199Zome patients of neoplastic
disease who do not report fra until they are informed of the diagnosis of can¢@foodforde

and Fielding 197@lack 197h

Pain can therefore beharacterised as sensationin a part or parts of the body but

becawse of its unpleasantnessig oftenan emotional experience

1.2 Definition s and Biology of Pain

The International Association for the study of Pain (IASP) defines paintas@easant
sensory and emotional experience associated with actual or potemsaue damagepr
described in terms of such damag@his definition was the culmination of centuries of id&s
briefly described abovehat explored the concept of pain. Pain differs from the classical senses
(vision, hearing, touch, taste, and sii&ecause it is both a discriminative sensation and a graded

motivation (or behavioral drive).
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In spite of our quest to aptly describe and define pain, it shouldnbéed that
Q¥OAOSLIIAGSQ 2NJ 322R LI AY Aa | adhipotential tisiie a A 2 f 2
damage(ladarola and Caudle 199and thus has a protective functioBy contrast, direct injury
G2 ySdzaNIf GA&adzS Oly LINPRdAzOS Wy SNIBBSQ 2NJ Wy SdzNZ
or years after any injury has heal@dostigan, Scholz et al. 2Q08oulin, Boulanger et al. 2014

Alles andSmith 2018

1.2.1 Nociception or Pain

It is important to differentiate between nociception and pain, as thera isndency to
use each word interchangeably. By definitionciception refers to the processing of information
by the peripheral and centtanervous system (CNS) about the internal or external environment,
as generated by the activation of nociceptd@ebhart, Basbaum et al. 200Noxious stimuli
would typically activate nociceptors situated in peripheral structures which then transmit
information to the spinal cord dorsal horn,here the information continues to the brainstem
and ultimately the cerebral cortex, where the percipt of pain is generatedPaincantherefore
be said to bea product of higher brain center processing, whereas nociception can occur in the

absence of pai(Gebhart, Basbaum et al. 2009
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1.2.2 Pain as a global-health crisis

Painis the primary reason why people seek medical ¢@ebois, Gallagher et al. 2009
Salter 2014 The incidence of paias observed bfNahin 201%show that among US adults, 25.3
million adults (11.2%) suffer from daily (chronic) pain and 23.4 million adults experience a
substantial level of pairyet other estimates show highdigures It has been reportedhat 40%
of Americans experience daily pain, including 50 million people with chronic pain and 25 million
people with acute pair{Dubois, Gallagher et al. 200With a huge healtkcare burden, lhe
prevalence of pin has a tremendous impact @sonomies around the worldhe high incidence
of pain has led to anestimated world markefor analgesics of more thaB0 billion dollars
(Wolkerstorfer, Handler et al. 2016The subjectivenature of pain reflectsexperience and
circumstances relating to injuries in early life. As individuals the way we receive and react to pain
is influenced by social, cultural and psychological factors. More than a dhitde world's
population sufferffrom persstent or recurrent pain with a highost to the American pursevith
estimatesranging from $100 billio@Mailis 2003 Dubois, Gallagher et al. 200&nd above $500

billion dollars(Salter 201%each year in health cay@ompensation, and litigation.

In Canada, @in is an important and common pubkealth problem(Van Den Kerkhof,
Hopman et al. 2003Chronic pain is éignated to afflictbetween 15%Van Den Kerkhof, Hopman
et al. 2003 and 29%(Moulin, Clark et al. 20Q02f the population thus a huge strain on the
Canadian healthcare systenthe World Health Organization (WHO) recognizes pain as a
significant healtkhcare lurden (Who and Consultation 2003lt is associated with many diseases

which claim millions of lives each y€Bond and Breivik 20Q04Harstall and Ospina 20D&port
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that about 80% of the 67 million people dying from cancer suffer from pain. It must be noted that
despite pain being a universal problem, disparities exist globally and nationafynamagement
(Hunt and Mantyh 200)L In a study by Knaul and colleagues, they noteat in high income
countries, which represent less than 15% of the global population, accounted for 94% of

morphine use to ease pafiknaul, Farmer et al. 2015

1.2.3 Chronic Pain

This type of pain persists beyond the expected course of an acute disease process and
usually defined as pain lasting greater than six mofghssso and Brose 198hd nore difficult
to treat. This type of pain is usually persistent, fails to resolve spontaneously and responds poorly
to treatments (Russo and Brose 1998Chronic pain can be further classified intbronic
nociceptive painresulting from ongoing tissue damage, as in the case of cancer or osteoarthritis
and chronic neuropathic pajrwhich isan abnormal form of pain that continues to persist long
after the resolution of tissue damage or even in the absence of a causative illness or injury
(Wolkerstorfer, Handler et al. 20)16Neuropathic pain arises as a result of igjuo the
somatosensory system and lasts for months or years after the injury has higdstigan and

Woolf 200Q Treede, Jensen et al. 2008
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1.2.4 Neuropathic Pain

Neuropathic pain is normallgdefined & & LJ} Ay OF dzaSR o6& | f

a2Y!l G2 aSy a panben, Baran @ty 201t is described as a maladaptive disease in
the sense that the pain neither protects nor supports healing and refiaga disease that can
arise from a myriad of conditions suchtagumatic nerve, spinal cord or brain injury (including
stroke) or can be associated with diabetic, HIV/AIDS -pegtetic neuropathies or with multiple
sclerosis(Treede, Jensen et al. 2008r cancer and/or the toxic effects of emotherapeutic
agents(Xiao, Boroujerdi et al. 200Bchmidt, Hamamoto et al. 201and as well as complex

regional pain syndromégraylor 200%

Globally the exact prevalence of neuropathic pain is a matter of debate and widely
unknown, but mosstudies put estimates at between 1.5% and 8%, equating to between 100
million and 560 million people worldwid@ouhassira and Attal, 2016;Gilron et al., 2006;Salter,
2014;Torrance et al., 2013;Torrance et aD06)such that more than 1-5 billion individuals are

said to be afflictedGerber and Joe 2005

Despitenumeroustechnological advancegurrenttreatment strategiesemain largely
ineffective Hence, there is the need to better understatind etiology of neuropathic pain as a
rational basis for the development of new therapeutic approached find new therapeutic

strategies to fight this conditio(Alles and Smith 20}8

A striking feature of neuropathic pain is that somatosensory sigmalsisinterpreted by
the central nervous systenit is usually characterised by allodynia (pain evoked by a normally

innocuous stimulug)Treede, Jensen et al. 2008yperalgesia (an increase in the pain elicited by
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a noxious stimulug)Costigan, Scholz at. 2009 causalgia (chronic burning pain that persists in

the absence of an obvious noxious stimulisy R & & L2 y i | v S 2 dike bussts 8O (1 NA O
stimulus independent paiffTaylor 2008 In the short term hypersensitivity usually serves a
protective fundion after injury. Typically, a footballer would not continue to use his/her broken

foot to play as pairsensing neural circuitsilvsense an abnormality and warn the individual if

he or she continues to as the pain udyaksolves as the injury healdowever in neuropathic

pain disorders, allodynia, hyperalgesia, and spontaneous pain are constant feature@Notkéd

2009, and thisa 2 O lbdd fpad#2 Nd@ & RA & S lisin&adapfive drlibfleryistractable.

1.2.5 Diagnosis of Neuropathic Pain

As outlinedabove pain is a subjective, personal experience that cannoabeurately
measured with medical tests or examinations by a health professional. To a physialeng a
diagnosis can, thefere, be a very complex undertakinghe clinicaldiagnosis of neuropathic
pain therefore depends on evaluation of the following criteria: 1) pain with a distinct
neuroanatomical distribution 2) a medical history that suggests a lesion or disease oftoese
system 3) a confirmatory test to demonstrate neuroanatomical distribution 4) a confirmatory

test to demonstrate a lesion or disease of the nervous sygiEeneede, Jensen et al. 2008
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1.2.6 Current management of Neuropathic Pain

The effectiveness of opioids in the treatment of nociceptive paisbeera huge success
however n stark contrast there is no similar panacea for the treatment of neuropathic pain. It is
therefore not far away from the truth to state that any ipathat is opioid resistant is likely
neuropathic(Alles and Smith 20)8Increasingly it is becoming clear that the effectiveness of a
drug towards the treatment of neuropathic pain is dependent on #pecificetiology of the
underlying disese or injury (Nicholson 200D This underlines theneed for improved
understanding of the sensory aberrations that underlie the emergence and persistence of

neuropathic pain.

Arecent metaanalysis of clinical triadata supporédthe use of tricyclic antidepressants,
serotonirtnoradrenaline uptake inhibitors such asldxetine and the gabapentinoidgregabalin

(PGB) and gabapentin (GBP) as first line treatm@itserup, Attal et al. 2095

The role of opioid analgesics in neuropathic peemainsvery controversialGilron,
Watson et al. 2006 Currently, there is &ackof evidence supporting the lorigrm efficacy of
usingopioids in controlling neuropathic painNeverthelesstramadol and controlledelease

opioids are recommended as secelite treatments and canr@noids as thirdine treatments.

Methadone, lamotrigine, lacosamide, tapentadol and botulinum taxie used agourth-line
treatments(Moulin, Boulanger et al. 20)4he limited effectiveness of current treatmentsas
led physicians to try combining different drugs which hasttednproved results at lower doses
and with fewer side effect&ilron, Watson et al. 2006With limited supporting evidengenany

patients with neuropathic pa currently receiveraryingdrug combinationgGilron and Bailey
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2003 with varying succes3here igherefore the need to pursueauture trials to evaluate optimal

drug combinations as well as safety, compliance and-effsttivenesgGilron and Max 2005

1.2.7 Obstacles to development of new therapies

The disappointing history of translation in the field of pain research has undergone
significant scrutiny over the yea(®workin, Backonja et al. 2003lles and Smith 20}8The
depth of knowledgeunderstanding and findings related to presumed pain in neuropathic animal
models has faired bads comparedtéi 6 SYi@K 6 SR & A R STEher@ ared IByNad bfli A 2 y & d
factors that serve asdriers to the development of effective new treatmeniEhesanclude the
diversity of pathophysiological situations, different pain etiologies, genetic predisposiktogs!

2012 ZorinaLichtenwalter, Meloto et al. 201&exton, Cox et al. 20},&nd diffeent ethnicities
(Hastie, Riley et al. 20).2The role of epigenetics on huma(stone and Szyf 201and the use
of rodent models that do not possess the full complement of anatomical substiatesessary
to experience the diversity of symptoms associated with human pain conditioftss is
compounded by epigenetic modifications in humdBsone and Szyf, 2018hd by the limited
ability of rodent models to predict clinical effica@yogil 2017, Patel, MontaguBordas et al.
2017 Yekkirala, Roberson et al. 2Q5&xton, Cox et a018. Lastly the differential processing
of pain between males and femalesnow wellestablishedMogil 2012 Mifflin and Kerr 2013
Sorge, Mapplebeck et al. 20150dds, Beckett et al. 201Blelchior, Poisbeau et al. 201Bickie,
McCormick et al. 203 Borge and Totsch 201lyet the majority ofpreclinical studies have been

done on maleodents to avoid possible complications imposed by the estoyate.
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1.3 The Nociceptive Si gnaling Pathway

Having a basic understandingesfsential pairsignaling pathwais mandatoryto studying

the etiologyof nociceptive and neuropathic paemdfor developing appropriatéreatments.

Nociceptors are pahsensitive neurons that respond to noxious mechanical, chemical,
and/or thermal stimuli. They are located in the skin, vessels, muscles, fascia, joints, and viscera.
Nociceptors make up the primary afent neuron whose cell bodies lie within the dorsal root
ganglion(DRGpadjacent to the spinal cord. The grey matter of the spinal cord is divided into 10
layers or laminae, with laminae | to VI making up the dorsal horn of the spinal cord. The dorsal
horn of the spinal cord represents the centre where the primary processing of nociceptive
information occurs. The pain processing regions of the spinal dorsal horn includes the marginal
zone (Rexed lamina 1), tlsaibstantia gelatinoséRexed lamina I()Wang, Kawamata et al. 2005
Costigan, Scholz et al. 20@8% well as the deeper lamingBitcher and Henry 200&re where
the primary pain afferent fibers innervate. Excitation of these primary afferent nerve fibers
triggers nociceptive pain. Lamina Il contains local excitatory and inhibitory neurons. Upon
stimulation nociceptive signals are generated and conducted todhetral nervous system via
primary afferents which then synapse in the dorsal horn of the spinal cotd secondorder
neurons. Theaxons of thesesecondorder neurons cross the spinal cord to ascend in the
spinothalamic tract with their terminal fibers predonaintly localized in the thalamu®nce the
signal has reached the thalamus, thwdler neurons end subsequent axons through the
internal capsule to the somatosensory cortex, including the post central gyrus, where discrete
localization of the noxious stimulus occurs. In addition to somatosgrieoalization, fibers from

the inter laminar and mediahuclei of the thalamus radiate to the anterior cingulate gyrus and
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become involved in the emotional components of pain. During the process of signal transmission
to the thalamus, some fibers from the spinothalamic tract arborize into the midbrain anchrost

pons synapsing on nuclear complexes, including the nucleus raphe magnus (NRM) and nucleus
reticularis gigantocellularis (NRG), both of which appear to be involved in descending regulation

of the activity within the secondrder neurons.

As described alwve it can be concluded that the generation of pain involves a complex
interplay of nociception, cognition, emotion and behaviour involving various brain regions and

as such no distinct pain region can be localized in the brain.

In as much as pain is trangited upstream (via ascending pain signaling pathway)
descending analgesic pathway serves to suppress excessive or overwhelming pain in stressful
situations to allow for proper cognitive functioning for escape and surviveése descending
controls, omprisepathways that originate in midbrain and brainstem regions and project onto
the spinal cord(Bannisterand Dickenson 2037 The key neurotransmitters implicated in
descending modulation are noradrenaline (NA) and serotoriA TP Descending inhibitions
normally through NALINBER2 YA Y | y i & @JadrendceptoriJéngssandlGebhalt K S
1986), whereas5-HT exertexcitatory influences at specific receptor subtypleas modulating
the development and maintenance of pain by acting alongsideraksénsitisation in the spinal
cord (Ali, Wu et al. 1996Suzuki, Rahman et al. 200t diseased pain statesising from nerve
injury and other related nerve damage there is an ovemalbalancebetween descending
controls, both excitatory and inhibitory thus resulting in heightened pain sensatiorhas

therefore been proposed that usually after nerve injuiye descending inhibitory exertion of Ndcomes
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guiescent and as suchdhexcitatory influence of 5T swamps owoverwhelmsthe inhibition(Bannister,

Patelet al. 2015.

1.3.1 Primary Afferent Neurons

Primary afferent fibres can be classified by their peripheral targets (such as cutaneous,
articular and visceral afferents), conduction velocity (which is related to size and myelination),
response propertie (including sensory modalities and the intensity of stimulus necessary to
activate them) and neurochemical phenotype (fekample peptide expression)Schulten, Hahn
etal. 200)® azad tFNBS YeStAyliSR OdzilyS2dza- | TFFSN.
threshold mechanoreceptors and respond to touch or hair movement. They usually have a large
soma diameter of 4Qum or greater and have large heavityyelinaed axons. Thinly myelinated
FFFSNByilia 6A0GK YSRAdzY aAl SR az2yF RAFYSGSNE oS

a fSaa 0l

(0p))

TAONBa KI @S avyltft RAFYSGSNI OStf 02RA
and C afferents are commonly referrémlas nociceptors or thermoreceptor6. KS 11 = 1+ |y
afferents terminate with a specific distribution pattern that is detened by their functional

class Usually, myelinated loshreshold mechanoreceptive afferents arborize in an area
extending from lmina lligt > G KSNBFa y20A0SLIAGS YR (KSN)Y?2
innervate lamina | and much of lamina Il, except for its most ventral (Saftulten, Hah et al.

2001). All primary afferents use glutamate as their principal fast transmitter and thus have an

excitatory action on their postsynaptic targets.
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Nociceptors are very heterogeneous. They differ inrleeropeptidesthey contain, the
receptors aml ion channels they express, their speed of conduction, their response properties to
noxious stimuli, and their capacity to be sensitized during inflammation, injury, and disease

(Schulten, Hahn et al. 20p1

The! {fiber nociceptors conduct action potentiaksiativelyrapidly, and mediate the fast,
pricking quality of pain. They are either high threshold mechanoreceptors sensitive to noxious
mechanical stimlisuch as sharp objects, or mechanothermal nociceptors, which are sensitive to
mechanicalstimuli and extreme temperatures (>8€) As a result of theirelatively rapid
conduction velocity, these nociceptor types are responsible for alerting the bradklguwf very
noxious stimuli, which have the potential to cause serious tissue damage usually referred to as

GFANRG LI AYyED

Cfibers have unmyelinated axons, conduct action potentials slowly, and have- small
diameter cell bodies. -€fibers mediate the sloer, burning quality of pain, commonly referred to
4 aaSO2yR LI AYyeéd ¢KSe& NB LRfeaY2RIf Ay yI {dzN.
or thermal stimuli. They are also sensitive to a wide range of chemical stimuli ranging from
bradykinin eicosana@ls and cytokineso increased proton concentration released at the site of
injury. Gfibers comprise around 70% of all nocicept{Bshulten, Hahn et al. 20D INociceptive
C fibres can be divided into two major neurochemical groups: those that contain neuropeptides,
such as substance(Pawson, Crepps et al. 19%hd calcitonin gearelated peptide, and express
TrkA receptors(Averill, McMahon et al. 1995and thosethat do not (Snider and McMahon

1998. Nonpeptidergic C fibres are mainly associated with the §kaylor, Peleshok et al. 2009
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they express a surface carbohydrate group that selectively bintisetplant lectin isolectin B4
(IB4). This subpopulation of neurons is supported by-déalved neurotrophic factor during
early postnatal developmd (Molliver, Wright et al. 199;Bennett, Michael et al. 1998The 1B4
binding neurons project to a different region of the spinal dorsal horn (inner lamina II) that
contains primarily loal spinal interneuronsBy contrastpeptidergic fibres innervate various
other tissues, deeper regions of the skin, outermost region of the spinal dorsal horn (lamina | and
outer lamina Il) and terminate largely on spinal neurons that project to higheger pain centers

in the brain(Plenderleith and Snow 199Bennett, Dmietrieva et al. 199®erry and Lawson

1998).

1.3.2 Neuronal circuitry for pain processing in the dorsal horn
1.3.2.1 Organization of the spinal dorsal horn

Free nerve endings in the periphery and visceral structures detect pareasresult of
tissue damage, and relay this informatittmoughfirst order sensory neurons (primary afferents)
to second order sensory neurons in the dorsal horn of the spinal @dlels and Smith 20)8As
well as ¢utamate, neuropeptidessuch as substance P and calcitonin gene related peptide (CGRP)
mediate neurotransmission between primary afferent and second order sensory neurons.
Gutamate interacts with Capermeable and Caimpermeable AMPA and with NMDA receptors

but not with kairate receptorgTong and MacDermott 2006

Although it isaccepted thatall primary afferent netons are glutamatergic (West,

Bannister et al. 20D5recent observations seems guggest that GABA mediated inhibitory
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interactions may play a role sensoryprocessing at the level of the DRQu, Hao et al. 20)7If
these findings areonfirmed a fundamentaprinciple ofsensory physiologwould need to be
reassessedThee is thepossibility that pimary afferent neurons release GABA from their cell

bodies in DR®ut yet release glutamate from their terminals in the spinal cord

All dorsal horn neurons receiveonosynaptic or polysynaptimput from primary
affererts and from both excitatory and inhibitory interneurorfodd 201(. However, the
specific types and relative strengths of these inputs differs between neuronal popula@ons.
the basis of thesizes of neuronal cell bodies and their packing der{Bigxed 195pdivided the
grey matter of the spial cord into 10 laminae of Rex€Bigure 11 a). Small interneuronal cells
populate Laminaelll of the dorsal horn although some large cells have been reported in laminae
| and 11(Todd and Spike 1993Most cells in lamina Il appear to have axons which only arborize
within the dorsal horn whereasome cells in laminae | and 11l long axons project to the brain
(Willis and Cogeshall 1991 amina Il can be identifiebly its translucent appearance in spinal
cord slicegFigure 11 b). Interneurons laminae-lll play a crucial role in modifying incoming
somatosensory information befe it is relayed to higher brain centr@gelzack and Wall 1965
Jessell and Iversen 197Basbaum and Fields 1978 must be noted that this interneuronal
population has a mix of both inhibitory and excitatory neur@R&z and Greenspan 198&/0olf
and King 198pP Nociceptivesignals aras received in lamina I, lamina $upstantia gelatinosa
(Figure 11 a and b and to a lesser egrnt, lamina (Todd 2010Zeilhofer, Wildner et al. 2012
West, Bannister et al. 201%eirs and Seal 20L6While lamina | contains interneurons for
modulation and projection neurons for transmission of nociceptive information, lamina Il

contains mainlyrniterneurons which project to laminaDespite theplethora of new information
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and new insights to our understanding of dorsal horn circuitinere is still very much that is

unknown(Sandkuhler 2009Todd 201QPrescott, Ma et al. 2014 eirs and Se&016).

1.3.2.1.1 Lamina | / Marginal Zone.

Also referred to as the marginal zone, lamingohtains both interneurons and projection
neurons and receives inputs froA and Cpeptidergic primary afferents fibre@ orsney 2011
CorderoErausquin, Inquimbert et aR016) (Figure 1c)¢ KS AYYSRAIF S GFANRG L
tissue injury is conveyed by the& fibres whereasthe G peptidergic afferent fibres, which
O2y il Ay &adzoaidlyOS t IyR /DwtX FNB Ay@2t SR il
injury-inducead inflammation. Lamina | also receives input from excitatory vertical cells in lamina
[I. Output neurons to higher centres express neurokinin NK1 receptarsDa 8ia et al. 200p

that are activated by substance(Pigure 11 c).

1.3.2.1.2 Laminar llo (outer)

The outer part of lamina leceives glutamatergic nociceptive input from lamina | as well
as polysynaptic input from deeper laminae. It contains glutalNdeA O aa il f { SRE 2 NJ 6
(Figures 1.1 c and 1.2 b) which project back to lamina | and typically display a delayed firing
pattern in response to a depolarizing current commafthsaka, Tiong et al. 2010Their

dendrites penetrate deeper regions of lamina Il and lamin@ dtld 2010 Peirs and Seal 2016
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Another population of excitatory neurons known as central cells express @um) rostro-

caudal projectiongTodd 2010Todd 2017 (Figure 11 cand1.2c).

Inhibitory interneurons in laminaoltypically display a tonic dischaég LJ G G SNy | y R
OStf ¢ Y2NLIK?Z2( 2 3<€audally Pr4adgiNbentd@ (GrudPaadiPE2002Todd
2010 (Figurel.2 a). They receive some of their excitatory synapticuitnfpom nonnociceptive,
rapidly conductingd fibres(Daniele and MacDermott 2008nd this may provide a cellular basis
for the attenuation of pain by activation of innocuous sensory pathwAgghofer, Wildner et al.
2012. 1t is likely that islet cell terminals release both glycine and GABA and that both

neurotransmitters may be packaged in the same vesi#detier, Coull et al. 2001

1.3.2.1.3 Lamina llid (inner dorsal).

Neurons in laminailreceive direct input from C nepeptidergic afferent{Luand Perl
2005 CordercErausquin, Inquimbert et al. 201@-igure 11 c). These afferents generally do not
convey nociceptive information and bind the plant isolectin IB4. They express&2(8ors for
ATP ad the RET tyrosine kinaseéGFR receptor complex for glial dalle derived neurotrophic

factor (GDNHMolliver, Wright et al. 199)

1.3.2.1.4 Lamina llyy (inner ventral)

Gontains excitabry interneurons that express calretinin ®KQamma(Peirs and Seal

2016. Immunohistochemical staining for this layerRPKQyammaexpressinqieurons has been
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used to define tle boundary between lamina Il and (Hughes, Hickey et al. 201Stebbing,

Balasubramanyan et al. 201Boyle, GutierreMecinas et al. 2017

1.3.2.1.5 Lamina Ill.

This receives peripheral input fro® /At myelinated or lightly myelinated primary
afferents {igure 11 c). Inputs project to parvalbuminoataining inhibitory GABA/glycinergic
neurons and to excitatory interneurons. NR 1 expressing projection neurons also reside in Lamina

Il (Todd 2019,

1.3.2.1.6 Laminae IV, V and VI.

Theseadminae contain wide dynamic range (projection) neurons which receive direct
fibre input from primary afferents as well as polysynaptic inputs that convey nociceptive
information from superficial laminag¢Peirs and Seal 2016Their rate of discharge idus
correlated to the type of input, with painful sensation eliciting high frequency discharge and
innocuous stimuli generating more modest dischafigalal, Tata eal. 1999. These laminae are
involved in the complex processing of tactile information such as object size, sbapee as

well as vibration and direction of stimulus movement.

With a diverse functional interneuronal population, for manyage seveal researchers
have tried to correlate structural morphology to a specific interneuronal cell type using several

techniques including intracellular cell fillingplgi stainindGobel 1978Lima and Coimbra 1986
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and whole-cellpatch clamp recording from spinal cord slices in vi@udt and Perl 2002
Heinke, Ruscheweyh et al. 2QMaxwell, Belle et al. 20Q¥asaka, Kato et al. 200¥asaka,
Tiong et al. 2010 A key advantage of using whetell patchclamp is that it allows correlation

of morphology with electrophysiological properties, for example,axcpotential firing pattern

in response to injected depolarising currezgn be correlated with morphology determined by
intracellular injection of neuroiotin and posthoc confocal microscopfGrudt and Perl 2002
Prescott and Koninck 200Balasubramanyan, Stemkowski et al. 2006, Moran et al. 2006
Punnakkal, von Schoultz et al. 2Q14ikewise,it is possible to compare morphology with
neurotransmitter phenotype, which can be determined Byaining for specific vesicular
transporters in the axons of recorded neurgiYasaka, Tiong et al. 2Q16or the past decade or

so the useof mouse lines in which either inhibitory or excitatory interneurons are selectively
labelled with a fluorescent proteihas advanced our knowledge on structural morphology and
interneuronal type (Heinke, Ruscheweyh et al. 2Q008unnakkal, von Schoultz et al. 2014
However, one major obstacla using both morphological and electrophysiological properties to
classify some of the interneurons in this region is that neither has provided a comprehensive
classification schem@odd 2010and thusdesigning and classifying ana@ticompassing scheme

for all cellshas proven to be a challeng&o a large extentt is possible torecognise some
morphological neuronal classes in each the three lam{@smnett Abdelmoumene et al. 1980
Schoenen 1982 however, there is a sizeable number of neurons that are atypical and do not fit
into any of the classeqTodd 1988 Réthelyi, Light et al. 1989The superficial dorsal hior
contains an extensive array of neurochemical markers, including neuropeptides and their

receptors, calciunbinding proteins and a variety of enzym@®dd 2017. These neuramarkers
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have been shown to exhibié specific laminar pattern, and are oftatistinctly distributed
between excitatory and inhibitory interneurong§Todd and Spike 1993As a resultseveral
neurochemically distinct populatiorfsave been defined@Polgar, Sardella et al. 201Gutierrez
Mecinas, Furuta et al. 20).8Jsing this approachp define neuronal populationghesecan be
targeted for electrophysiological recording to provide detailed functional information about the
neurons(Heinke, Ruscheweyh et al. 20@uan, Cheng et al. 201Runnakkal, von Schoultz et

al. 2014 Peirs, Williams et al. 2015tebbing, Balasubramanyan et al. 2D16

1.3.3 Morphological Classification of Dorsal Horn Neurons in Lamina Il

The defining morphological characteristic of neurons in the dorsal horn is their dendritic
orientation. Tle anatomist(Ramon y Cajal 1998escribed three types of neurones in lamina Il
of the young cat: vertichl cells , central cells , and transverse cells. Using-&talgied tissue,
(Gobel 1975Gobel 198) also described four main types of neurones in the cat trigeminal lamina
II: islet, stalked, arboreal (stellatde) and border cells. In the monkéRrice, Hayashi et al. 19)79
observed only stalked and islet cells in tlseibstantia gelatinosa Extensive neuronal
morphological variation has lee reported by several research groups across all spéBea
and Cooper 1978.ight and Perl 197®Rethelyi, Light et al. 198As a testament to the difficulty
in classifying neurons in tteeibstantia gelatinoséour morphological types of neanes that only
partially fitted categoriespreviouslyidentified in other speciesvere reported by(Schoenen
1982 in the human spinal cordGrudt and Perl 200Q2isinglaminar location, geometry, neurite

orientation as well as a host of electrophysiological attributes recognised five lamina Il
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morphological categories: Islet, radial, central, meth#tral, and ertical neurons.Several
neuropeptides are expressed by subsets of interneurons in lamuiaérbdd 2017. Some of

these, for example, neuropeptide Y RNM), galanin and nociceptin are present in inhibitory
interneurons, others, such as somatostatin, neurotensin, GRP, neurokinin B (NKB), substance P
and cholecystokinin are found predominantly in excitatory interneurons, while the opioid
peptides enkephaliand dynorphin are expressed by both excitatory and inhibitory interneurons
(Rowan, Todd et al. 199Buan, Cheg et al. 2014GutierrezMecinas, Watanabe et al. 20)L4n

recent times the use oheurochemical markersias gained much prominence olassifyng

interneurons in laminae-il.

Islet cdls are present almost exclusively in lamina Il and have dendrites that extend along
the rostrocaudal axis of the spinal cord, usually remain within lamina Il and often possess
characteristic recurrent branché&obel 1975Bennett, Abdelmoumene et al. 1980ervero and
Iggo 1980Grudt and Perl 2002(Gobel 1978reports that islet cells typically have few dendritic
spines and comprise approxately 30% of neurons in lamindldfigure 1.2 a). Islet cells respond
to step depolarization with a sustained repetition of action potentials and mianyshowed an

In-like current(Grudt and Perl 2002

Vertical neurones are partially a heterogeneous group which have in common a dendritic
arbor and possess a distinctive dongentral orientation with sparse dendrites than other
lamina Il neurone$Grudt and Perl 2002 This cell type have lea previously characterised as

stalked cell{Gobel 1975 Gobel 1978Bennett, Abdelmoumene et al. 198Cervero and Iggo
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1980 Todd and Lewis 1986They are the most common type of neuron in lamir{@dbel 197§

(Figurel.2 b).

(Ramon y Cajal 199@escribed neurones commonly situated in the mimhe of the
substantia gelatinosaentral cells due to their location. Central cells have a general configuration
similar to islet cells, but with a much smaller dendritic expansion in the rastuglal drection.

They have small cell bodies with two main dendritic trees emerging from opposite sides of the
cell body(figure 1.2 c). The axonal arborization of central cedliee moderately extensive in the
vicinity of the dendritic tree(Grudt and Perl 2002 The dendritic tree of central cells in
comparison to islet cells does not extend as far rostrocaudally as islet cells and because of this
close similarity, they are sometimes reféRe (1 2 | & &(BoddlahdfLewis 3 98@nivieve

of the fact that both islet and central cells have dendritic trees oriented along the same
rostocaudal axis and the difficulty in differentiating their lengths of projections in trassve
sectiongLu, Biggs et al. 200Stebbing, Balasubramanyan et al. 2pd@mbined the two naming

0 KSYislet@ S yi (i NI. Twb ma)d8 §rdugs of central cell ex{&rudt and Perl 200Dased

on their pattern of action potential discharges evoked by a step depolarization: transieinalcen

cells (fire a few action potentials and then go silent when depolarized) and tonic central cells (fire

action potentials to the depolarizing step in a sustained or tonic fashion)

Radialcells have theidendritesradiating in all directions, hence é¢hname.Spinesare
present on radial cell dendrites at low to moderate densityich form a compact dendritic tree

(figure 1.2 d). Also(Todd and Lewis 198®ave described a similar set of spiny neurons with
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dendrites radiating in all déctions.Action potentials of radial neurones are delayed from the

onset of a depolarizing stesrudt and Perl 2002

Mediolateral neurones are asmall group of cells notable for béng the sole lamina I
neurones with dendrites that extended substantially in the meldieral dimension(Grudt and
Perl 2002 (figure 1.2 e). Mediolateralcells fire action potentis on depolarization in a sustained,

repetitive pattern.

It must be said that all the five cell morphological classes primarily receive C fibre inputs
with the exception of vertical cells which receive botlidta and Eibre inputs(Yasaka, Kato
et al. 2007. Figure 1.2 f illustrates the orientation of major neuron types in thlseibstantia

gelatinosaneurons.

1.3.4 Electrophysiological characteristics

Previousstudies mostly done on rat§Grudt and Perl 20QZPrescott and Koninck 2002
Balasubramanyan, Stemkowski et al. 200@ve utilised electrophysiological properties of
neurons to classify distinct populations of dorsal neurdRasearchers use action potenfiaing
pattern of neurons in response tdepolarising current injections. Using thisiteria is a
convenient and appropriate way of identifying neuronal populatitrezause the output of
neurons determines behaviour and function in neuronal signalinghe marginal zone of the
spinalcord various electrophysiological cell typéswve been identifiedLamina | neurons in rat
havebeen classified intdive differentcategoriesbasedon firing properties.These have been

defined astonic, phasic, initial burst, delayed onset, and single gfitkescott and Koninck 2002
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Ruscheweyh and Sandkihler 2D02rat lamina Il,(Balasubramanyan, Stemkowski et al. 2006
identified six electrophysiological cell types ; tonic, phasic, initial burst, delay tonic, delay irregular

and irregular firingpatterns(figure 1.3).

1.3.5 Species Differences

As already mentioned ost characterisation of dorsal horn neurongork has ben done
on rats, surprisingly little is known about dorsal horn circuitry in mice as compared to the
extensive reports in ratd.u and Perl 2008Balasubramanyan, Stemkowski et al. 2006, Biggs
et al. 2009 Todd 2010 Peirs and Seal 2018braira, Kuehn et al. 2017Todd 2017. As such

defining these differences represents one of the portions of nsgetitation.

1.4 Onset of Neuropathic Pain: Periphery Nerve Injury Studies & Mechanisms

As nentioned already reuropathic paineads tochanges in normal sensory signaling at
the level of the periphery, spinal cord and brain (thalamus and cortex)rti@gtoccur over the
course of weeks or months€Consequently, these changdsad to alterations in genomic
expression and differences in cortical structu(€sstiganScholz et al. 200%andkuhler 2009
Alvarado, Tajerian et al. 20L¥ajerian, Alvaradet al. 2013 Luo, Kuner et al. 20)4These
genomic changes that occur prior to its physical and clinical manifestdtismhtghlight the fact
that the pathophysiological changes responsible for theebred neuropathic pain are distinct
from those responsible for its chronic presentati@les and Smith 20)8Highlighting this key
RAAUGAYOUA2Y 0S0G6SSy GKS a2yaSaé LKFaS FyR
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becomes patrticularly revant when attempting to relate findings in animal models with the
presentation of pain in the clinids pain researchers it betieson us to recognise this flaw in
our research methodologies andesign animal studies that seek twdress the longerm
persistence of painvhich is more prevalent in clinical settings but also taking into cognizance the

mechanisms that leads to pain onset

Over the yearsseverahnimal models of neuropathic pain have been developeaidan
understandng its pathogenesis Srong emphasishas be@ placed on studying traumatic
peripheral nerve injury models in rodents, which produce reproducible-peated behaviour
with a defined time coursgCalvo, Dawes et al. 2018temkowski and Smith 201R&Vith such
outcomes, m experimetal animals, peripheral nervdamage, such as chronic constriction injury,
induces pairrelated behaviours that are widelgtccepted as a model for human neuropathic pain
(Bennett and Xie 1988To buttress the importance of using periplaénerve injury models to
study neuropathic paint has been suggestdthat injury to the spinal corgher semay engage
peripheral mechanisms to generate chronic péffang, Wu et al. 20)4Upon injurythere is
release of inflammatory mediators at the site of injtnat triggeringalterations in the properties
of primary afferent neurongWatkins and Maier 20025cholz and Woolf 200.7This causes an
increa® inexcitabilitythusleadngto the appearance of ectoptic, stimuhisdependent activity
(Wall and Devor 19893The result is thathere isaltered activity arisingrom changes in the
properties and/or expression of various types of voltagged Nd&, K and C&" channels
(Waxman, Cummins etl. 1999 Kocsis and Devor 2008bdulla and Smith 20Q0XAbdulla and
Smith 2002 Stemkowski and Smith 201Bourinet, Altier et al. 20L4Waxman and Zamponi

2014 Daou, Beaudry et al. 20L6Additional changesoccur in the @inction of N&-K" ATPases
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(Ventéo, Laffray et al. 20)6intracellular C# fluxes(Hogan, Sprick et al. 201B'Arco, Margas
et al. 2015 Yilmaz and Gold 201&ilmaz, Watkins et al. 20LTRP channel®Basso and Altier
2017 andhyperpolarizatioractivated cyclic nucleotidgated HCN) channel@ogan and Poroli

2008 Emery, Young et al. 201Mloh, Kumar et al. 2014 oung, Emery et al. 2014

¢KS ARSI 2F WOSYGNYIf aSyardAiaillidArAz2yeéethes| &
cascade of eventttributableto the maladaptive changes in plasticity of sensory processing that
occur in neuropathic ain (Woolf 1983 Woolf and Thompson 199WWoolf and Mannia 1999
Latremoliere and Woolf 200@.atremoliere and Woolf, 2009;Woolf, 1983;Woolf and Mannion,
1999;Woolf and Thompson, 199Decades of pain resezh has showed us thatjury to sensory
axons can bring about changes in the organization of the spinal cord sensor{Denagr and
Wall 1978 and that sensory disturbances relating to neuropathic pain can be attributed to
changes in excitability of the injured neuron and abnormalaing and evoked discharge from
GSOG2LIAO yS dzNI (Govrinliprfansilarid Sevdr A9xdiab aidDevor 1988 Devor
and ahers (Devor, Wall et al. 199Zhowed that lidocaine could silence tleetopic dischege
from the neuroma induced by nerve injury or from dorsal root gangia reduce pain

centralization

1.4.1 Excitation-Inhibition Balance in Neuropathic Pain.
Continuousmaladaptiveplasticity within the dorsal horn (DH) of the spinal ceellves as
the template orsubstrate forthe development of neuropathic pain following peripheral nerve

injury (West, Bannister et al. 20)5As a result operipheral nerveinjury or diseasenduced

36

TA



neuropathies, the peripheral and central neural networksvolved in nociception show
extensive plasticityKuner 201). As a consequence of changes in synaptic transmissestiral
sensitizéion develops within the spinal cord, thuexcitatory synaptic processes are enhanced
and inhibitory processes attenuat€éduner 2010Prescott, Ma et al. 2014Vest, Bannister et al.
2015. These plastic changes do not affebetintrinsic propertie of dorsal horn neurons like
rheobase, threshold, exability and/or input resistance as a result péripheral nerve injury
(Balasubramanyan, Stemkowski et al. 200®ie increase in ectopic activity in peripaemnerves
could betherefore beresponsible for drivingand maintenance of central sensitizatigDevor
20086 Pitcher and Henry 200&o0ld and Gebhart 201%aso, Adahan et al. 201Baou, Beaudry

et al. 2016 Sexton, Cox et al. 2018

1.4.1.1 Role of BDNF

The involvemat of BDNF in nociceptive processing was fist described almost 20 years
(Kerr, Bradbury et al. 199%Asstatedearlier , chronic constriction injury (CCl) of dwatic nerve,
is arodent pain model widely used tmvestigate the etiology afeuropathic paifMosconi and
Kruger 1996 Fotis, Gary et al. 200%itcher and Henry 200&temkowski and Smith 2012
Changes in synaptic transmission in the dorsahlare mediated ateast in partby the release
of BDNF from microgli@here arestriking similarities between the effects produced by ®&CI
vivo and the effect of long term (10d) exposure of neurons in defined medium organotypic

culture (DMOTC) to BDNIEu, Ballanyi et al. 20QEu, Biggs et al. 2009
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Additional evidence supporting a role for BDNF, comes from @xpets with activated
microglia conditioned medium (aMCMY least for male ratsactivation of dorsal horn microglia
is an early consequence of peripheral nerve injM§eitzman, Zimmerman et al. 1983cholz
and Woolf 2007 Costigan, Scholz et al. 2QQ%tremoliere and Woolf 2009 Based on this
reasoning(Biggs, Lwet al. 2012 treated neurons in DMOTC (defined medium organotypic
culture) with ativated microglia conditioned mediugaMCM)i 2 FAYR | gk & 2F a O«
OSY NI f a&aSyairdAillFrTdAzy LINRPOSaa WAY | RAAKQO®
growth factors etc) present in aMCM are similar to those released in thsatiborn following
CCI in vivpthey treated neurons idefined medium organotypic culturdMOTgwith aMCM
from cortical microglial cultures practivated with lipopolysaccaridg.PS)Lai and Todd 208
Lu, Biggs et al. 20R9%Expectedly, exposure of DMOTC to aMCM increased overall dorsal ho
excitability as measured by confocalPGanaging(Lu, Ballanyi et al. 200Zu, Biggs et al. 2009
and this effect (dorsal horn excitability) was attenuated by sequestering BDNF with the
recombinant binding protein, TrkBdBanfield, Naylor et al. 2001u, Biggs et al. 20D9rhese
findings supportevidence for the role of microghkderived BDNF as a major driver of central
sensitization(Coull, Beggs et al. 200Biggs, Lu et al. 201Trang, Beggs et al. 2019mith 2014.
The® and additionaleffects of BDNRo be describedbelow highlights the fact that this

neurotrophin is a key molecule of interest that plays an essential role in pain centralization and

justifies the need to study its actions in the onset of neuropathic pain
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1.4.2 Dysfunctional Sensory Processing and Development of Allodynia

Reduction or attenuation of GABAergic and/or glycinergic transmission/signaling leads to
aberrant processing of sensory information within the dorsal horn after nerve ifigala, Ji et
al. 2003 Torsney and MacDermott 200Brescott, Meaet al. 2014. Several other factors leading
to reduction in inhibitory transmissiomcludechanges in chloride gradie{€Coull, Boudreau et
al. 2003 Coull, Beggs et al. 20060ull, Beggs et al. 200%nd decreased excitatory drive to
inhibitory neurongBalasubramanyan, Stemkowski et al. 2006 Moran et al. 2006.u, Colmers
et al. 2009 Leitner, Westerholz et al. 2013s well as thdéoss of GABAergic terminglsorenzo,
Magnussen et al. 20)4r reduced glycie release(Imlach, Bhola et al. 20)6 As already
mentioned, arge Ab fibres which serve as conduits foladtile and innoagous information
synapse primarily onto dorsal horn neurons in laminae Il an@Abvaira, Kuehn et al. 2017
whereas noxious information carried by@dAd-fibres is transmitted to the superficial laminae
| and lI(Peirs and &al 2016 (Figure 1.1 ¢). In a structured manneGABAergic and glycinergic
inhibition normally separates these two modalities by suppressing the activity eéxpsting
excitatory synaptic circuitd.u, Dong et al. 20)3However, when thisvell laid outinhibition
structureis compromised, tactile and innocuous information travelling to lamina Ill acB&s
over orgairs access to the pain processing centiedamina | and lIConsequentlytouch is
processed as pain thereby providing a rational explanation for the generation of alld8ata,
Ji et al. 2008 In furtherance to thiddea, there are reports ofthe impediment of inhibitory
transmission in the spinal cord with bicuculline and/or strychnine produces allodynia and
hyperalgesia in uninjured animaf¥aksh 1989Sherman and Loomis 1994oomis, Khandwala

et al. 200). In addition, irreguladistribution of tactile information is reinforced by increased
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excitatory transmission betwaedeep and superficial laminae through ttransient expression
of the vesicular glutamate transporter VGLUT3 Bpecificpopulation of neurons which receive

direct low threshold primary afferentput (Peirs and Seal 201@-igure 11 c).

1.4.3. Other Spinal Mechanisms of Central Sensitization

1.4.3.1. LTP and Memory Processes

The plastic natureof CNS synapses is evident by the fact tregieated ativation of
presynaptic fibregeadsto short term potentiation (lasting for less than half an hour), early phase
long term potentiation (LTP, lasting for up to 3h) and late phase LTP wascheen shown to
depend on protein synthesis and can last indigéily (Luo, Kuner et al. 20)4lt is possible
thereforethat, after peripheral nerve injuryincreasingactivity of both primary afferentibres
and dorsal horn neurons would cause these processes to be continlenghged and serve to
reinforce central sensitizatiofJi, Kohno et al. 200&%andkuhler 2007Fenselau, Heinke et al.

2011 Ruscheweyh, Wier-Smith et al. 2011Luo, Kuner et al. 20)4

There are reports showing thateohanisticallyspinal LTP involves presynaptic
mechanismgLuo, Kuner et al. 20)4s well as opening offpe (Ca3) calcium channels and
activation of NMDA receptoi@keda, Heinke et al. 200Zhou and Luo 20)5These receptors
have long been implicated in the etiology of neuropathic g&¥oolf and Thompson 199Kerr,
Bradbury et al. 1999 atremoliere and Woolf 20Q%alter and Pitcher 201 Hildebrand, Xu et
al. 2016. Previously it has been showimat brainderived neurotrophic factor (BDNF)

contributes to spinal log-term potentiation (LTP) and pain hypersensitivity through activation
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of GluN2Bcontaining Nmethytd-aspartate (GIUN2BIMDA) receptors in rats following spinal

nerve ligation (SNI.i, Cai et al. 2037

1.4.3.2. Role of astrocytic glutamate transporter (EAAT2)

Downregulation of the astrocytic excitatory amirexid transporter, EAAT2 correlates
with development of signs of neuropathic pd@ata, Weng et al. 2008Veng, Chen et al. 2006
It hasbeen reported that lbth partialsciatic nerve ligation (PSNL) and chronic constriction injury
(CCl) significantly reduce expression of EAATZ2 in rat dorsa($wng, Lim et al. 2008hereas
spnal EAAT2 gene transfer via recombinant adenovirus significantly decreases mechanical
hyperalgesia and allodyniaeda, Kawamoto et al. 20R8 The signal for downregulation of
EAA2 is unlikely to be BDNF as this neurotrophin upregulates the transporter in other brain

regions(RodriguezKern, Gegelashvili et al. 2003

1.4.3.3. The Pain Matrix

7 A

¢CKS WWLIAY YFEGINREQQ AyOfdzZRAY3I (K YSRALI €
cingulate cortex, insula, amygdala, periaguctal gray,locus coeruleysand rostroventral
medulla(Schweinhardt and Bushnell 201Reirs and Sé&®016 Tan, Pelzer et al. 201 Taylor,
Mehrabani et al. 201)lundergo several changes as a result of nerve injuryinBtance synapses
in the anterior cingulate cortex are altered after peripheral nerve injury and LTP of glutamatergic

transmission appears in the insu{@huo 2018 It is worthy of note that bain regions that
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O2YLINAR &S (KS daLJ Ay YhcibhknEwoimadntg¥karfak Bashmhef dl. S R
20117) and rather nterestingly, areas activated by acute paewve been shownot to correspond
exactly to those activated in chronic pdifspkarian, Hashmi et al. 201on Hehn, Baron et al.

2012).

1.4.3.4 Changes in Descending Control Mechanisms

Alterations in descending control mechanisms could arise as a resattamiges in the
pain matrix(Porreca, Ossipov et al. 2002ssipov, Dussor et al. 201@ is well accepted that
descending inhibition of nociceptive processing is mediatedayiadrenoceptors and 5HT
receptors whereas serotonergic activation of metabotropic 5i¢Teptors and ionotropiGHE
receptors facilitates transmissidMillan 2002 Bannister, Patel et al. 201Bannister, Lockwood

et al. 2017 Bannister, Qu et al. 20}7

1.4.3.5 Role of Ectopic Activity in Primary Afferent Fibres

As already mentioned in preceding paragrdps, processes involved in the onset of
neuropathic pain are different from those involved in its long term persistence and maintenance
(Ji and Woolf 2001 As hasbeen reported by several investigatordassical mediators of
inflammation such as interleukiib (Binshtok, Wang et al. 200&temkowski and Smith 2012
Stemkowski and Smith 20} dnterleukin 6(Ko, Eddinger et al. 20),6rostaglandingMa and

Eisenach 2002 interleukin 17 and tumor necrosis factofLeung and Cahill 20Lihteract with

42

0e



or modulate ion channels omrimary afferent neuronsto instigate ectopic activity that
contributes to spontaneous, stimulus independent pé#itcher and Henry 200®evor 2009
Devor, Vaso et al. 201.£Experiments carried out bfBalasubramanyan, Stemkowski et al. 2006
Devor 2006haveshown that bllowing a peripheral nerve injury there is altered synaptic activity
of substantia gelatinosaneurons with little effect on their intrinsic electrophysiological
propertiesthus suggesting that changes in the central nervous system are driven by acfivity o
peripheral neurons.This assumptions supported by the observation thatapplication of
lidocaine to block nerve conduction and subsequent monitoring of spontaneous baseline
discharge that the hypeexcited state of dorsal horn neurons is maintainecbgoing, afferent
discharges from the peripheral nerve distal to, and proximal to the site of irfRitgher and
Henry 2008 One of the many mechanisms that may be involved is @inahcreasen adivity of
afferent nerves leadsould leadto an upregulation ofthe a2d-1 subunit ofvoltage gated Ca
channels(Boroujerdi, Kim et al. 2008vhich in turn alters C& channel function in primary

afferent terminals and in@ases transmitter releasgioppa, Laa et al. 2012

1.4.3.6. Neuroimmune Interactions in Neuropathic Pain

The role of inmunocompetent cell such as astrocytes, endothelial cells, perivascular
macrophages, infiltrating -€ells and satellite glial cells of DRG neurons in the etiology and
dewelopment of neuropathic paims well establishedScholz and Woolf 200%Vatkins 2007
Costigan, Moss et al. 200Beggs, Liu et al. 201Calvo, Dawes et al. 201G@race, Hutchinson et

al. 2014 Vicuna, Strochlic et al. 201Bodds, Beckett et al. 2016i, Chamessian et al. 2Q16m,
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Lee et al. 20L,7Mikuzuki, Saito et al. 20).7 Immune cells express many of the receptors and
transduction nechanisms that are activated by injury to neurd@hiu, von Hehn et al. 2012

The idea of immune system involventen chronic pain came about from observing classical

signs of a systemic sickness response (malaise, lethargy, depression, anxiety) in chronic pain
patients (Alles and Smith 20}8This idea was later corroborated by findings showing that
elevated levels of interleukimi -MIiLO] Ay LISNALIKSNIt ySNIBSa O2dz |
hyperalgesigGrace, Hutchinson et al. 2014l-mi = Ay FRRAGA 2y (G2 Ada LN
can directly activate nociceptors to generate action potential firing, increased membrane
availability ofCa3.2 (Ftype) channelsand as well asyperalgesigBinshtok, Wang et al. 2008
Stemkowski and Smith 201,2atemkowski, Noh et al. 201Stemkowski, Garci@aballero et al.

2017). IL-m iincreasesexpression o€olony stimulating factorGSFL) in primary afferent neurons

(Lim, Lee et al. 20)Avhich upregulatesBDNF gene in spinal microglia and is believed to be
necessary and sufficient for the onset of neuropathic p@uan, Kuhn et al. 201®kubo,

Yamanaka et al. 20).6

Papers by(Guan, Kuhn et al. 201680kubo, Yamanaka eal. 201§ have recently
highlighted the important role of CSFin the onset of neuropathic pain. As a cytokine released
by injured primary afferent neurons into the spinal cord after nerve injury;0®easeengages
CSHL receptors primarily im DAP12dependent pathway for microglia gene upregulation
and consequent neuropathic pha#s been showiGuan, Kuhn et al. 2018CSHL isinvolved
in the proliferaion and differentiation from hematopoietic stem cells to a specific kind of white
blood cells, such as macrophages and granulogytekins and Hume 20L4rhree types of CSFs,
macrophagecolony stimulating factor (MCSF), granulocyte macrophagaony stimulating
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factor (GMCSF) and granulocytm®lony stimulating factor (&SF) have been shown to exist
(Borycki, Lenormand et al. 199Blan, Ramesh et al. 1996nd these CSFs eachslspecific
receptors; MCSF receptor (MLSFr), GNCSF receptor alpha (GOISFr alpha) andGSF receptor
(G-CSFr)Activation of theM-CSF receptor (MSFrpn microglia causepain(Guan, Kuhn et al.

2016,

Reactive microglia release cytokines and chemokines such as fractalkine (CX3CL1) and
other inflammatory mediators which trigggeripheral immune cell infiltration and astrogliosis
Damaged sensory neuronalso release chemokine (€C motif) ligand ZCCL2 also known
asmonocyte chemoattractant protein NICP1) as well as neuregulin 1 and fractalkilre.
summary, he net effect of omplex interactions between invading and resident
immunocompetent cells and numerous signaling molecules is the generation of classical
inflammatory mediators suchu | interleukins 6 and 18 and tupn necrosis factor (TNF) which
influence neuronal actity by facilitation of spinal LT{&ruberSchoffnegger, Drdi&chutting et
al. 2013, direct excitatory actions on neurofBinshtok, Wang et al. 200&ustafsorVickers, Lu
et al. 2008 Kawasaki, Zhang et al. 2Q@emkowski and Smith 2012&temkowski, Noh et al.
2015, increased release of glutamate from primary afferef¥an and Weng 20}3and

decreased release of GABA from dorsal horn interneu(@hang and Dougherty 2011
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1.4.4. Cellular and Molecular Mechanisms of BDNF in Central Sensitization

1.4.4.1 BDNF and a shift in neuronal chloride gradient.

Adecrease in transmembrane chloride grattieccussin rat dorsal horn lamina | neurons
following peripheral nerve injury as a result @ducedexpression of the potassiwehloride
exporter, KCCoull, Boudreau et al. 2003 hisresults in the retentiorof intracellular Clwhich
can caussnormally inhibitory GABAergic, anionic, outward synaptic currents to become inward
excitatoryfindings was puforwarded by(Coull, Boudreau et al. 2008oull, Beggs et al. 2005
who showed thata knockdown oflKCC2 expression a in nrijured rats reducd pain thresholds
and resulted in neuropathic pain behaviors. Hence, an injury that causes neuropathic pain results
in a marked change in dorsal horn function such that the net excitability of nociceptive lamina |

neurons is increasefPrescott, Sejnowski et al. 2006

The downregulation of ®C2and depolarizing shift in anioreversal potentiabbserved
in lamina | neuronss thought to result from the release dbrain-derived neurotrophic factor
(BDNF) from activated spinal microgl@oull, Beggs et al. 2009 heseauthorsshowed that the
administration of activated microglia or application of BOg¥émoted the cause of theshift in
anion gradient seen after nerve injury. Albtocking signaling between BDNF amk of its
cognate receptas (TrkB)in nerve injured animals reversqehin behaviors (allodynia) and the
shift in anion gradient=inally they also showed thaillodynia and the shift in anion gradiecan
be prevented by blocking release of BDNF from microglia by treatment with interfering RNA

against BDNF.
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It was shown recentlythat BDNF potentiates excitatory NMDA receptoediated
currents through activation of TrkB and phosphorylation of the GIuUN2B subunit by tHarSitg
kinase FyifHildebrand, Xu et al. 20).6These authorfound out that that the ongoing release of
BDNF and continuous activation of T4k signaling is required to maintain the basal
potentiation of NMDAR responses at lamina | synapses in peripheral nerve injured ra@sn@NI)
that this signaling pathway requires prioand sustained KCe&zpendent disinhibition.

Interestingly, this potentiation appears to require the coincident BDNF mediatddsidhibition.

1.4.4.2 Role of ATP.

Following peripheral nerve injury, there is an increase in the expression of thgaAdd®
ionotropic purinoceptor, P2X4R and in the metabotropic pueptmr, P2Y12 in microglia and
thisincrease in expression parallels the increase in pain hypersen$ftivdgkiSaitoh, Tsuda et
al. 2008 Trang, Beggs et al. 201Trang, Beggs et al. 20L2The mechanism by which P2X4R
upregulatiorleads to BDNF release from microglia is attributed to influx df @aough P2X4Rs,
activation of p38mitogenactivatedkinase (MAPK) and a consequent increase in synthesis and
SNARE-mediated exocytosis of BDNHrang, Beggs et al. 2009t is worthyof note to point out
that the mechanismas stated abovis specific to male mice as microglia are not required for
mechanical sensitivity to pain in female mice in which adaptive immune cells are in(Stwee,

Mapplebeck et al. 20150rge and Totsch 2017
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1.4.4.3 Signaling between injured peripheral nerve and spinal microglia.

Thechange otransformation of resting microglia into a phenogyghat expresses P2X4R
has been ascribed to the release of chemical mediators from injured primary affédyesg. The
chemokines, CX3CL1 (fractalkiri®lilligan, Zapata et al. 2004race, Hutchinson et al. 2014
CCL2 and CCL@liber, Tsuda et al. 201Toyomitsu, Tsuda et al. 20\&ere initially thought to
be involvedbut, recent workby (Guan, Kuhn et al. 2016kubo, Yamanaka et al. 2Q1discounts
these mediators and instead favors colony stimulating factor {3 3¥s the primary effector of
microglial transformation in neuropathic pain. It has been suggkstat the injuryinduced
release of inflammatory mediators such as interleukin flom satellite glial cells in DRG
promotes induction ofCsflin the cell bodies of primary afferent neurofiam, Lee et al. 20}7
CSHl is released from primary afferents and acts on microglia to induce various genes, including
that for the ATP receptor, P2X4R as well as microglial proliferation an@seival(Guan, Kuhn
et al. 2019. Although CSH is implicated it remains to be determined whether it actually excites
dorsal horn neurons and whether this effect is mediated via release of BDNF. This missing link is
one issue to be investge in my thesisFigure 1.4 apresents a summary of cellular processes

thought to contribute to central sensitization.

1.4.4.4 Increased Excitatory Drive to Excitatory Neurons and Decreased Excitatory Drive

to Inhibitory Neurons

Peripheral nerve damageiaing from @ronic constriction injury (CCI) or axotomy of the

sciatic nervenasalsobeen shown toLINE RdzOS |y WSt SOUNRLIKe&@aA2f 23AC
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pain in the substantia gelatinosgBiggs, Lu et al. 201Gmith 2013P Ly GKA& aF2:
(Balasubramanyan, Stemkowski et al. 20fléssifed neurons according to their firing pattern as

tonic, delay, irregular, phasic or transient and the effects of CCI noted as increases or decreases
Ay GKS FYLX AGdzZRS ' yR T NBIj dzS yWith aglchr agdsiabyistdd y S 2 dza
relationshp between neuronal firing pattern and its neurotransmitter phenotyjyasaka, Tiong

et al. 2010 Punnakkg von Schoultz et al. 20},4the footprint reflects an increased excitatory

drive to putative excitatory delafiring and transient firing neurons and a decreased excitatory

drive to putative inhibibry tonicfiring neurons (Bailey and Ribeirda-Silva 2006
Balasubramanyan, Stemkowski et al. 2006e, Balasubramanyan et al. 20Q%u, Biggs et al.

2009 Leitner, Westerholz et al. 201&igurel.4 b). Both of these changes would be expected

to produce an overall increase in dorsal horn excitabilafles and Smith 20)8 Decreased
excitatory drive to inhibitory neurons involves both pend postsynaptic changes including a
decreased contribution of GaLJISNXY S| 6t S | at (Chen, iDérkach ®tt af. 2006
Increased excitatory drive to excitatory neurons also involves presynaptic effects and a possible

increased contribution of Capermeable AMPAR to postsynaptic evef@hen, Zhou et al. 2013

1.5 Organotypic Cult ures

The study the longterm effects of key mediators such as BDNF after nerve injury is
essential to gain a better understanding of the pathophysiologyesiropathicpain. This is not
readily accomplished using conventional acutely isolated spinalstioes as these do not retain

viability beyond 1 day, at least not when obtained from mature mamiiitggs, Lu et al. 20).2
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The time frame may be too brief a period for analysing functional changes brought about by
processes such as altered protein expression, axonal sprouting, dendritic retraction and synapse
formation orelimination(Biggs, Lu et al. 20L20rganotypic slice cultures refment an excellent
compromise between single cell cultures and complete animal studies as it replaces and reduces
the number of animal experimen{dewes, Franke et al. 2012n such cultures, n@ons mature

and differentiate morphologically, and intricate functional synaptic networks are foraoed

nova In addition, they represent a lontgrm model system that, due to particular growth
conditions, allow a unique experimental accessibility to eceistainedin vitro (Gahwiler 198).
Organotyic cultures from embryonic mouse spinal cords provide arlerté vitro model to

study tissue organization that closely resemble that observed in(Gi&nwiler, Capogna et al.

1997 Avossa, RosatSiri et al. 2008 These cultures express GABAergic interneurons that
conserve the proper spatiotemporal pattern of development observed in (Avossa, Rosato

Siri et al. 2008

1.5.1 Defined Medium Organotypic Cultures of Rodent Spinal Cord

Our lab uses defined medium organotypic cultures (DMOTC) to avoid the effects of
various undefined growth factors, cytokines and @thmediators that may be present in
conventional culturesWe find that DMOTC of rat spinal cord sliceshain viable for > 6 weeks,
thus allowing the investigator to expose intact neurons to mediators or drugs for periods of days
or weeks(Lu, Moran et al. 2006_u, Colmers et al. 2009riorwork done in the Smith lab has

shown that the synaptic pharmacology and centivity of cultures obtained from DMOTC spinal
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cord slices remain intact and also the various morphological and electrophysiological phenotypes
of dorsal horn neurons are preserv@di, Moran et al. 2008.u, Colmers et al. 20R9.ikewise,
because individual neurons can easily be visualized, the DMOTC is especially amenable to
electrophysiological recordings usingrared differential interference contrast (IBIC) optics

and to dynamic imaging of the free cytosolicCeoncentration which provides the needed
information on both the activity and morphology of neuronal (and glial) populatipnsBallanyi

et al. 2007 Lu, Biggs et al. 2009n conclusion we suggest thatpinal cord DMOTC provide an
excellent model to study theegulation of neural circuits in the dorsal horn by defined
concentrations of putative mediators of chronic pain for extended time pel(@dhwiler,
Capogna et all997 Lu, Moran et al. 20Q6_u, Ballanyi et al. 20Q0%GustafsorVickers, Lu et al.

2008 Lu, Biggs et al. 200Bu, Colmers et al. 2009

As is described iphapter 3LJ- NIi 2F Y& NESIFNOK Ay@2f gSR Y2

for rat spinal DMOT@f generation of mouse DMOTBoakye, Schmidt et al. 201.8

1.6 Glutamic Acid Decarboxylase (GAD -67) Green Fluorescent Protein (GFP)

Expressing Mice

GABA and glycine are the principal inhibitory neurotransmitters in the spinal dorsal horn
in the spinakord. Neurones containing the GABA synthesizing enzyme glutamate decarboxylase
(GAD) or immunoreacting with arBABA have been described predominantly in the superficial
laminae | and I{Kaduri, Magoul et al. 198 Magoul, Onteniente et al. 1987Todd and Sullivan

1990 Maquet 2000 Mackie, Hughes et al. 20P3 o facilitate the study afhanges in excitatory
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synapticdrive to GABAergic neurons, which underlies neuropathic pain, transgenic mice that
selectidSt @ SELINBaa (GKS aSyKlIyOSRé RSNAGI GAOBS 27F
protein (EGFRMorise, Shimomura et al. 197Rrasher, Eckenrode et al. 19@rmack, Valdivia

et al. 1996 in subpopulations of GABAergic neurons under the control of a GAD67 regulatory
promoter (Jiang, Oliva et al. 20Dwvill be used to identify spinal GABAergic neurfidaas and

Panula 2008 Severalvarieties of GAD6GFP mice are availabl@liva, Jiang et al. 2000
Punnakkal, von Schoultz et al. 2Qiacluding GIN mice but since not all GABAergic neurons in

this drain exhibit GFPwe used the Tamamaki GAD&FP micédTamamaki, Yanagawa et al.

2003.

Another aspect of my research was to confirm expression of GAT/P in appropriate
OStft GelLsSa | a allayamédd OBMNBRS ad 3 NS a Y T AN@akkydgy SR A

Schmidt et al. 2008 Chapter 2)

1.7 BDNF and its cognate rece ptors

BDNFis a 2.4 kDa basic protein andelongs to a family of four structurally and
functionally related neurotrophinsthat regulate the growth, maintenance and apoptosis of
neurons in the developing nervous system as well as injured neytmsges 2008Skaper 2012
Ceni, Unsain et al. 2014nd was initially isolated &m pig brain(Barde, Edgar et al. 198Rezet
and McMahon 2005 It issynthesised as precursor molecwd caled praBDNF at ~3B4 kDa,
and undergees proteolytic cleavageby furin or other preconvertasesin the endoplasmic

reticulum and Golgi apparatus to producdefminally matureBDNFat ~1315kDa(Teng, Felice
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et al. 2010 Richner, Ulrichsen et al. 200BDNF binds tdts cognate tyrosine receptokinase
receptors Trk B and to the p75 recept@eichardt 2006 BDNF is constitutively synthesized by

a subpopulation of dorsal rooganglia (DRGheurons (Pezet and McMahon 2006and
anterograddy transported into thedorsal horn of the spinal cord wheit modulatescentral
sensitisation that underpmmaintenance of neuropathic pajihan and Smith 20)5These DRG
neurons aresmall and mediunsized peptidergic neurons and represent @36 of the
populationof DRG neuronf_uo, Rush et al. 200Merighi, Carmignoto et al. 2004However,

the pro form of BDNF (prdBb CO 0 Ay Ra& G2 high affinity @cepthr b Keytrole I &
of p75 may be to provide more specificity to the interaction of neurotrophins with Trk family
members. Benedetti and his group showed that Trk receptor family members respond far more
selectively to different neurotrophins when the p75 neurotrophin receptor isegpressed
(Benedetti, Levi et al. 1993 By the expression of high levelstbé p75 neurotrophin receptor,
there isrestriction in the ability of p14¢ to respond to NGF, and not N8BT This differential
behavior is reflected in the binding of K8Tto p75, whictoccurs with much slower kinetics than
NGF binding to p78RodrigueZlébar, Dechanet al. 1992. Hence, other Trk receptor family
members may respond far more selectively to different neurotrophins when the p75

neurotrophin receptor is expressed leading to slower kinetics.

Activation of the p75 receptor in some situatiorendave a inhibitory effect.Although
most effects mediated via TrkB receptor activation involve neuronal growth and increases in
synaptic transmissio(Kerr, Bradbury etla1999 retrograde signalling via BDNF (or proBDNF)
acting on p75 receptors is imphted on longterm depressionn hippocampal neuronéNoo,

Teng et al. 2006 Similarly dongterm (56d) application of BDNF reduces mEPSC frequienc
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tonic firing inhibitory neurons in a similar fashion to peripheral nerve injuny Biggs et al. 2009
Biggslu et al. 201)) thusraisngthe intriguing possibility that neurederivedBDNFor proBDNF

may act as retrograde signala p75NTRto impair excitation of inhibitory dorsal horn neurons.
Also ofnote, is the fact thatBDNF enhances the excitabilitytbe cell bodies of small sensory
neurons in rat DRG through p75NTR and the sphingosine kinase paftiveang, Chi et al. 20D8
Perhaps a similar mechanism operates in their terminals in the dorsal horn. Moreover, p75NTR
activation has, under some circumstances, been associated with neuronal degenégatigh,

Park et al. 2008Naska, Lin et al. 201®ark, Grosso et al. 2010 o it is possible that the
reduction in mMEPSC frequency seen in inhibitory neurons may reflect p75NTR mediated loss of
synaptic contacts. In fact, studies of the effect CCl on the morphology of primary afferent
terminals seem consistent with this possilyilftL00]. Investigation of this possibility is a major

aim of my dissertation. Interestingly (Leitner, Westerholz et al. 20 18nplicated retrograde
signallingin decreasing excitatory synaptic drive to inhibitory neurons, but did not address the

possible role of BDNF/p75 in this process.

1.7.1 Regulation of tropomyosine receptor kinase B synthesis in models of inflammatory

and neuropathic pain.

TrkB is widelyexpressed throughout the CNBhe TrkB receptor is found in two main
forms: the 145 kDa fulength version (also referred to as TrkB) and aib93 kDa truncated
isoform lacking the intracellular tyrosine kinase domain (referred to as TrkB.T1), whidts resu
from alternative splicing of the TrkB transcriftlein, Parada et al. 1988lein, Conway et al.
1990 and plays fundamental roles in mediating neurotrophin action. The FL.TrkB contains an

extracellular liganébinding domain and an intracellular catalytic domain, both of which are
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associated with the intrinsic protein tyroskinase (PTK) activiti{lein, Conway et al. 1990'he
binding of BDNF to FL.TrkB has been shown to induce hameadation of the receptorigading

to autophosphorylates tyrosine residues found within the cytoplasmic domain of FL(YukB

and Mobley 1999 Yajima and othershave show that spinal BDNF/FL.TrkBediated
nociceptive signaling pathway may be implicated in the development of thermal hyperalgesia
induced by nerve injury in miq%¢ajima, Narita et al. 2002n peripheral nerve injurthere is an
increased exprssion of the truncated form ofrkB in the DRG and trigeminal neurd@BA (Lee

et al. 1999) TrkBis also expressed by post synaptic neurons of the dorsal (Razet, Malcangio

et al. 2002 and are upregulated following both imeased neuronal activity and peripheral
inflammation (Zhou, Parada et al. 1993 ndings affirming a role for augmented spinal BENF
TrkB signalling in the pathobiology of neuropathic pain as highlighted above were observations
that repeatedintrathecaladministration of anBDNF or a BDNgequestering TrkiBc chimera
protein, abolishedneuropathic pain behaviourévajima, Narita et al. 2002The augmented
signaling of the BDNFkB pathway as a result of injury somehow could be due to the fact that

this signalling pathway may be generally excitatory.

Once releasd in the spinal dorsal horn, BDNF induces a rapid onset and relatively short
lasting increase in phosphorylation of its higffinity receptor trkB(Pezet and McMahon 2006
Thedownstream effects of TrkB receptor signaling as a resulBDNFexerts neuroprotective and
growth-promoting effects on a variety of neuronal populations after inj({gefe, Sheikh et al.

2017).
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1.8 Statement of The Problem

From the discussions above the following points emerge:

1. In the generation of neuropathic pain , ralee of BDNF from microglia increases excitatory
drive to excitatory neurons and reduces excitatory drive to inhibitory neuons.
2. In many physiological situations Trk B activation leads to excitatory processes and p75

receptor activation leads to inhibitorygnalling.

This leads to mthe first hypothesis:

BDNF acts through different receptors and/or transduction mechanisms to increase release of excitatory
transmitter onto excitatory neuror(sising the Trk B signaling pathwayahd to decrease release of

excitatory transmitter onto inhibitory neurorfgia the p75 signaling pathway)

3. CSHL has been implicated in microglial activation and in the onset of neuropathic pain
following nerve injury. Although its been shown that dShkRcreases BDNF gene, it is not
known whether CSFL increases dorsal horn excitability and whether this reflects BDNF

release.

This assumption leads to tlsecond hypothesis

The release of C8Fby primary afferents after nerve injury leading to the generation of
neuropathic pain involks an excitatory action on the dorsal horn mediated via the release of

BDNFE
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1.9 Approach

These hypothesis were tested usidgfined medium organotypic culture®MOT( of

dorsal horn GADGGFP mice.

| first proceeded to determine whether mouse spinatdscan be maintained in DMOTC

and whether GAD6GFP is expressed in the same neurons in culture as in acute slices.

My approach was was based on the assumption that neuronal types in mice dorsal horn
would be similar to those in rats. However, this waarfd not to be the case as | started my

studies.

The thesis is therefore structured as follows:

Chapter 1 - General Introduction

Chapter 2 ¢ General Methods

Chapter 3 - Characterization of Spinal Dorsal Horn Neurons in GABHR ¢ I Y+ YIF {1 A€ aA O

Chapter 4 - Development and Characterization of Sgiborsal Horn Neurons From

Ge¢tYlFYF{Aégd aAOS ! yR -BGHER Phenbtypail@Defingdd ¢ KSA NJ C

Medium Organotypic Culture

Chapter 57 Investigating The Rolef@pinal Trk B And P75 Receptors In Central Sensitization

Chapter 6 - Spinal Actions of CSF

Chapter 77 General Discussion
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Figure 1.1. a. Rexed Laminae of the spinal cord. Laminae | and Il form the marginal zone and
substantia gelatinoseespectively andogether these make up the superficial dorsal horn. Within

GKS R2NAEFIf K2Ny o 'i Gl OGAt S I -YIRithisonmke BitehsbF S NB y
Ayia2 fFYAYlF LLA ¢A0K RAAaCUG NHobidzafeenfs eRNALIBYRSY (i 2
thS € F YAYlF LLKLLL 062NRSNXW !+ y20A0SLII2NE SyR Yl
V and X. Peptidergic, nocicpctive- ibre afferents synapse mainly in lamina | and llo. Non
peptidergic ibres occupy the inner part of laminabl.Acutdy isolated spinal cord slice from a

30 day old rat. Thesubstantia gelatinosas clearly visible as a translucent band undeDIR

optics.c. Diagram to illustrate the principal synaptic connections in the superficial dorsal horn.
Modified from Peirs C ad Seal RP (2016) Neural Circuits for Pain: Recent Advances and Current

Views.Science&54:578-584. http://science.sciencemad.org/content/354/6312/578.1ll
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Figure 1.2 Images of Atacks ofrat Lamina Il neurons to illustrate morphologse, Islet,
Vertical, Central, Radial and Mediolateral Neurons respectively. Dorsoventral, Mediolateral and
Rostrocaudal planes inddited by O; V, M¢ L and R; C respectively. Calibration bar in all panels

= 5Qum. Images modified froniStebbing et al., 201@nd (Lu et al., 2009¥. Scheme to show
orientation of various neuronal types in rasubstantia gelatinosa(Modified from

Balasubramanyan, S. PhD thesis, University of Alberta)
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Figure 1.2
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Figure 1.3. ace: currentclamp recordings to show discharge patterns evokedhirsubstantia
gelatinosaneurons in response to 3 different intensities of depolarizing current as indicated at

the bottom of each panel of records. Membrane potentiads set to- 60 mV prior to injection

2F OdzNNBy (G Lz aSad ¢ & LA Ol f(a);Wisdhaygs pelikts thdughausS NA a )
application of depolarizing current and discharge rate increases with increasing depolarization

(b, a delayrregularneuron); nde longirregulardelay prior to onset of spike dischar@ge a delay

tonic neuron); exhibits a delay at the beginning and fires toniddllya phasic neuron); spike

discharge ceases after4 spikesé€, a transient neuron); only 1 spike is dischargedardbpss of

the applied current intensityf(an irregular neuron)
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Figure 1.4 (a). Diagram to illustrate some of the processes leading to central sensitization.

Classical inflammatonyediators released at the site of injury alter the properties of primary

afferent fibres such that they become hypexcitable and/or spontaneously active. E€SF

released from primary afferents changes the phenotype of microglia that they start to express

new receptors including P2X4. ATP released from dorsal horn neurons interacts with P2X4

receptors on microglia to promote release of BDNF which interacts with neurons to increase

dorsal horn excitability(b). Primary observation thaghows thatCCl or BDNincreassexcitatory

drive to excitatory neurons and redugexcitatory drive to inhibitory neurons.
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a.

Mediators Effecting Central Sensitization

Descending

Inflammatory P2X4 * Microglia
Control Pathways
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“'_6 Primary Afferent Fbre =
Dorsal Horn Neurons
Astr
b.
Excitatory Neurons Inhibitory Neurons
Control/Sham BDNE/CCH Control/Sham BDNE/CCH

Figure 1.4
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CHAPTER 2

GENERAL METHODS

Preparationof Acute Slices, Defined Meain Organoypic Cultures, Calcium Imagingda
Whole-Cell Patch Clamp Recordirfgsm Visually Identified Dorsal Horn Neurons.
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2.1 Animals

All procedures were carried out in compliance with the guidelines of the Canadian
Council for Amal Care and with the approval of the University of Alberta Health Sciences
Laboratory Animal Services Welfare Committee (Protocol # AUP 00000338).
Breeding pairs of Tamaguchi-Clwhite albino Swiss mice were obtained from Dr. Jean
Claude LaCaille (Unnaity of Montreal, Montreal QC Canada) and bred in the Health Sciences
Laboratory Animal Services facility at the University of Alberta. Mice were genotyped from ear

notch tissue and only those expressing GAB&FP were used in experimental studies.

2.2 Preparation of Acute Spinal Cord Slices

Both male and female e pups or young adults; p7, pl4, p21 and p28, were deeply
anesthetized with a large dose of urethane (1.5 g/kg ip). A laminectomy was performed following
cessation of respiration and heart &e Spinal cords were removed and glued with cyanoacrylate
glue (Vetbond, WPI, Sarasota, FL) to a trapezoid shaped block cut from 4% agar. This block, with
attached spinal cord, was glued to the bottom of arith diameter glass petri dish, submerged
in icecold dissection solution containing (in mM) 118 NaCl, 2.5 KCI, 26 NaHE®IgS@ 1.2
NaHPQ, 1.5 CaGl5 Mgd, 25 D glucose, and 1 kynurenic acid, and continuously bubbled with
95% O5% C@ Kynurenic acid is a nonselective acidic amino acid tecgmtagonist(Perkins
and Stone 198pthat was used to limit acute excitotoxicity during manipulation of the spinal
cord. Transverse slices (300 um) were cut using a HM 650V vibratome (Thermo Scientific). The

slices were allowed to recover for at least 1hr at 87beforeuse.
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2.3 Preparation of Defined Medium Organotypic Cultures

Defined Medium Organotypic Culturd3NIOTof spinal cord slices were obtained from
el2 Tamaguchi mouse embryos following a method developed by Avossa et al. (2003). Briefly,
mouse fetuses weralelivered by cesarean section from timpdegnant GADGEGFP mice
(Tamamaki, Yanagawa et al. 2003) under isoflurane anesthesia (5% for induction, 2% for
maintenance). The adult mice were then euthanized by decapitation under continued isoflurane
anesthesi®@ ¢ KS Sy UGANB SYONR2YyAO alr O gl a LXLFOSR Ay
solution (GBSS), in mM; CaCl9; KCI 4.97; KRG, 0.22; MgG& MgSQ 0.28; NaCl 137.87,
NaHC®2.7; NaHPQn oy n T 3f dzO24S pdpp GHAGK | LI 2F T1dnn
mouse fetuses were removed from their embryonic sacs and rapidly decapitated. The spinal cord
from each fetus was isolated in the above solution and sliced inte2¥5 (i NI y é&e@BiNgg S & f A
a Mcllwain tissue chopper. In the e12 animals that were used, the bony vertebral column had not
yet formed; this stated to appear in e¥l4 embryos. Slices were chosen from the low thoracic
and high lumbar cord slices. Only spinal cord slicéis tmio attached dorsal root ganglia were
Ok2aSyod ¢KSaS 6SNB GNRAYYSR 2F SEOS&aa OGSy idNI ¢t
slice was then attached to a coverslip with a clot of chicken plasma (sterile) in acid citrate
dextrose (ACD, Rocklaridhmunochemicals, Limerick, PA, USA) and reconstituted thrombin
(Sigmg! f RNAOK /I YyIRIFIYS hlF{1@AttSE hbX /IYyFIERIF0O Ay ¢
O2y Ul AYyAy3d yw:r 5dz 6S0024da Y2RAFASR 9 3t-SQa YS
27 (all fiom Life Technologies, Burlington ON, Canada) and 8% sterile water-hottiamned

culture tubes. These were placed into a roller drum rotating at 120 rotations per hour in an

68



AyOdzo F 12NJ Ay GKS LINBaSyOS 2F KdzYiA vofBRBRO | (Y2 a

(Biggs et al., 2012).

2.3.1 Serum-free Media Conditions and Maintenance of Culture

The medium used was dzLJLJ S Y Sy (i S R ngrieigriswthifactoryN&SF, Albmone
[ Fo2NF G2NRASAT WSNUzAF £ SYZ L aNJ Stftéer. ArtBiotic andk S FA N
antimycotic drugs (5 units #l penicillin G, 5 units Ml & i NS LIG 2 YE OAY Ml YR Mt
FYLIK2GSNAOAY . T DAO6O20 6SNB Ffaz2 AyOfdzZRSR Ay
the third day, slices were treated with an anttotic drug cocktail consisting of uridine, cytosine
j -d-arabinofuranoside (AraC), andBf dz2 NE RS2E&@dzNARAYS ol ft G wmn
overgrowth of glial cells.

Fetal bovine serum (FBS) is essential for buffering the acidity of culture medidialso
provides nonspecific trophic support for the survival of cells. Howether addition of FBS
presents an issue on its own as the undefined factors and mediators present in FBS could
confound the interpretation of effects induced by lotgrm applcation of trophic factors such
as BDNF. So in order to control for these variables, the culture medium was gradually altered to
a medium devoid of serunDuring antimitotic treatment, the serum medium was progressively
switched (first diluted 50: 50 after Rl 84X (KSy 0O02YLX SGiSte& SEOKI y13
neurotrophin and serumfree medium consisting of Neurobasal medium witR Bsupplement
and Glutamaxt (all from Gibco). The medium within these tubes was exchanged regularly with

freshly prepfl SR YSRAdzY S@OSNE ¢ RlI&ao
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In addition, NGF applied at the earlier stages in the medium to support neuronal growth
was removed prior to the addition of BDNF. NGF was completely removed from the culture
medium after 4 days in culture. Hence the medium appt@the cultures was clearly defined,

neurotrophin and serum free.

2.3.2 Treatment of Defined Medium OTCs (DMOTC) with BDNF, TrkB Ligands, TrkB-FC

Chimera, p75 Agonist/Antagonist and CSF-1.

2.3.2.1 BDNF

DMOTC slices were maintainedvitro 3-4 weeks bedre experiments to allow cultures
to stabilise and recover. Treatment of cultures with BDNF was chosen to parallel previous aged
matched animal andh vitro studies(Balasubramanyan, Stemkowski et al. 2006, Biggs et al.
2009. Cultures were treatedh vitro for a period of 56 days with 200ng/ml BDNF (Alomone
Laboratories) in the serusfitee medium descébed above. Cultures treated with BDNF was

exchanged on the'8day of treatment and agenatch untreated DMOTCs served as controls.

2.3.2.2 TrkB Ligands

DMOTC slices incubated with BDNF as described above were either withheld or co
incubated with a partil Trk B agonist: 500nM LM22KMassa, Yang et al. 20)l@btained as a
gift from the lab of Dr. Frank Longo (Stanford University, California, USA). Cultatesl ingth
these ligands was exchanged on thé @ay of treatment and agenatch untreated DMOTCs

served as controls.
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2.3.2.3 p75 Antagonist

The p75 antagonist 100nM LM1BA (antagonist\Massa, Xie et al. 20péeceived as a
gift from the lab of Dr. Frank Longo (StardfdJniversity, California, USA) wiasubated with or
without BDNF After the 3¢ day of treatment, cultures were exchanged with freshly prepared

compound.

2.3.2.4 CSF-1

9 ng/ml CSH was incubated in cultures over a treatment period €6 8ays. However,

on the 39 day the cultures were exchanged with freshly prepared compound.

2.3.2.4 TrkB-FC Chimera Protein

Cultures incubated with BDN#hd CSFL as described above were individually treated

with 200ng/mITrkBFC chimera protein over a@sl day incubation period.

2.4 Immunohistochemistry

Acutely isolated spinal cord slices, were fixed with 4% paraformaldehyde overnight at 4
C until ready for useSlices were washed in 0.1% TBS (Tris buffered saline, 6.05g/L Tris base, 9g/L
NaCl, pH 7.§ 7.6) three times for 10 minutes. They were then incubated in 10% normal goat
serum, 3% bovine serum albumin, 0.3% TritehOR in 1 x TBS (blocking solution), fohr at

room temperature, and subsequently incubated with the antibody rabbit polyclonatcgiadi
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fibrillary acidic protein (Dako, USA), at a dilution of 1:200. Incubation was done overnight at room
temperature in a humid chamber. Acute slices werenthgashed three times in TB&hd
incubated with its corresponding secondary antibody Alexa 594 goataitit, for GFAP at a
dilution of 1:200 for 1.5 hr at room temperature (2. Slices were then washed three times in

TBS, 10 mins each.

2.5 Electrophy siological recordings

Whole-cell recordings were performed from neurons in acutislylated slicesr defined
medium organotypic cultures (DMOTQor each experiment, the slice was positioned in a
Perspex chamber. Acutely isolated slices were held irplaé @ | a KI N1LJ¥ FlF AaKA2Yy S
nylon affixed to a silver wire framéiggs, Lu et al. 2012 Recordings were performed as
described by(Balasubramanyan, Stemkowski et al. 2008lices were superfused at room
temperature D22°C) with 95% £5% CQ@ saturated artificial cerebrospinal fluid (ACSF) that
contained (in mM) 127 NaCl, 2.5 KClI, 1.2 &b 26 NaHC¢) 1.3 MgS@ 2.5 CaGJ and 25 d
glucose, pH 7.4bstantia gelatinosawas identified by its translucent appearancaeder IR
DICoptics.

Recording pipettes had resistances aft5 am @KSy TFA{{SR GAGK |y
containing (in mM) 130 potassium gluconate, 1 Mg€IlCaG| 10 HEPES, 10 EGTA, 4@,
and 0.3 NaGTP, pH 7.2, 2800 mOsM. Current and voltage ip recordings were made using

anEPC 10 double Patch Clamp Amplifier (Heka Electicamkbrecht/Pfalz, Germany).
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2.6 Genotyping

Animals were ear notched at the time of weaning (21 day old) for identification and
genotyping purposes. The ear tissue attibel was digested using protenase K. DNA is extracted
using Qiagen DNeasy blood and tissue kit asypery” dzF | QristdzétiBhslIR@lymerase chain
Reaction (PCR) was carried out using the primersGGEACAGCTCTCCCTTCTGBTaG(LCR:
5-CTGCTTGTCGGTGATATAGACKE. The PCR conditions used were 94°C for 3', followed by
30 cycles of 94°C for 30" 30 cycles, 68°C for 3' followed by an extension of 72°C for 7'. The
amplified DNA was run through.5% Agarose gel. The samples showing a band at 564bp is
postive for GFP knoeck and the corresponding mice are selected for the successive

experiments.

2.7 Fluorescence imaging of cytosolic Ca2+

Cytosolic Cd was imaged with multiphoton fluorescence microscopy as previously
described for rat DMOTC (Lu et &Q07). Mouse DMOTC slices were placed in a recording
OK I Yo SNJ 6 perdused ¥ith 05%l9§¥RC@saturated artificial cerebrospinal fluid (ACSF)
that contained (in mM) 127 NaCl, 2.5 KCI, 1.2JR& 26 NaHC§) 1.3 MgS@ 2.5 CaG| and 25
d-glucoselJl T dnd Op Y K Ypkrigakde CiEeSsitive Syé duel! V&S 0 n dp  Ya
in ACSF) was backfilled into a broken patch pipette (tip diametery/5 > Y 0 | VilectedNB & a dzN.
(0.7cm @ n LJa A 0 (RFaggkitisaknl, S¥hivgfzacher et al. 2008uorescence signals were
measured using an Olympus NBXclusive multiphoton microscope with infrared laser excitation

Fd ywmn yYdH m® AYIAK/A y42ARM m@dtiaz? labeling revealed basic neuronal
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morphology and changes in fluorescence. Neurons were typically imaged at tissue depths

0SG06SSY on YR cn >Y ®c3kdgltalzhoyhdsing & féllanie Acgussitiadza A y 3 |

6pMH P pMH LIAESta&ao0®

2.8 Analysis and Statistical Tests

All electrophysiological data, except spontaneous excitatory postsynaptic currents, were
analyzed using pPCLAMP 10.0 and Origin 2018 softwakeli I ¢ SNX | y I f @1 SR dza Ay
tail test or oneway ANOVA with post hoc Rey Kramer test as appropriate. Data from
cumulative probability plots were analysed using Kolmogorov Smirnof (KS) statistics. A level of
statistical significance of P < 0.05 was set.

Data were only collected from neurons that exhibited clear overshoetatign potentials
of >60 mV in amplitude. All neurons were categorized on the basis of their discharge pattern in
response to 806ns squarewvave depolarizing current pulses. Initial resting potential (rmp) was
YFEAY Gl Ay SR -85V thyeDC cufrennjextiah (Balasubamanyan, Stemkowski et all.
2006). Spike width was measured from the first action potential observed in response to a
depolarizing current pulse at a voltage midway between the top of the spike and the initial resting
potential which was set te60mV. Spotaneous excitatory postsynaptic currents (SEPSC) were
recorded at-70 mV. Mini Analysis Program (Synaptosoft, Decatur, GA, USA) was used to
distinguish sEPSC from baseline noise and to generate event lists for cumulative probability plots.
Events were defcted automatically by setting appropriate amplitude and area threshold for
each neuron. All events detected during a 3 min acquisition period were theramined and

visually accepted or rejected based on subjective visual examin@tlanan, Colmers et al.
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2004). All detected events were then fexamined and visually accepted or rejected based on
visual examination. Acceptable events lmgharp onset and exponential offset, a total duration

of < 50ms and an amplitude at least double the baseline noise.

2.9 Drugs

BDNF (Alomone Laboratories) was reconstituted with 0.1% BSA/GBSS and centrifuged for
30 mins at 3500 r.p.m. at room temperatuaéquoted and stored at aboug 70 C.

Both CSH (PeproTech Incand TrkB=C chimera protein (Alomone Laboratories) were
initially reconstituted with water and finally dissolved with Neurobasal media.

Fluo4 AM dye was dissolved in a mixture of DMSO and 20% pluronic acid (Invitrogen,
Burington, Ontario, Canada) to a 0.5 mM stock solution and stored until used. The dye was

thawed and sonicated thoroughly before incubating with a DMOTC slice.
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CHAPTER 3

CHARACTERIZATION OF SPINAL DORSAL HORN NEURONS IN GAD67 -EGFP

ATAMAMAKIB MI C

*  Portionsof this chapter hae been publishedBoakye et al., 208, Neuroscience; 372:126
140).
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ABSTRACT

1 -aminobutyric acid (GABA)ergic neurons in the central nervous play a crucial role
in information processingJsingGAD67EGFP Tamaguchi-Clwhite albino Swiss mice whele
cell recording was performed on neurons located in lamina Il in acutely isolatedspinal cord
slices. In these slices, neurons in gubstantia gelatinosaxhibited 7 different firing patterns in
response to 800ms depolarizing current commands; delay irregular, delay tonic, tonic, regular
firing, phasic, initial bursting and singleilang. Initial bursting and regular firing neurons were
not found previously in ratsubstantia gelatinosaL y | Odzi S &t A0Sa FNRY
engineered to express enhanced green fluorescent protein (EGFP) under the control of the
glutamic acid decarbg¥ase 67 (GAD67) promotor, tonic, phasic and regular firing neurons
exhibited the strongest GABAergic (GAEB3FP+) phenotype. Delay tonic and delay irregular
neurons almost never expressed GAD67 (GABBFBP. Neurons from acute slices also exhibited
oscllatory activity as monitored by examining intracellula?Qavels. This activity decreased in

older slices compared to younger ones.

Key Words

Neuropathic pain, Lamina Il, GABA, Electrophysiology, Synaptic transmission, Genetically

modified mice
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High lights

Seven electrophysiological phenotypes characterize neurons in nsulstantia gelatinosa.

Tonic, regular firing or phasic firing patterns are GABAergic whereas those with delay firing
patterns are not.

GADG7EGFP cells never exhibit the delay grpattern.
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3.1 Introduction

For the transmission of both sensory and nociceptive signals from the periphery to the
central nervous system, the spinal dorsal horn serves as thafichihajor relay statior(Vallbo,
Olausson et al. 199®unnakkal, von Schoultz et al. 2Q.14igh threshold neurons in the form of
y 2 OA OS LJi 2 Milder) gehditheit afféBnt fibers which terminate in the superficial dorsal
horn (laminae | and Il), whereas ldafweshold afferent fibers innervate the deep dorsal horn
(laminae IHV)(Todd 2010QPeirs and Seal 20L6A vast majority of neurons in the superficial and
deep dorsal horn arborize locally and are referred to as interneufbodd 201Q0Punnakkal, von
Schoultz et al. 2004 These interneurons can be divided into two main classes: excitatory
(glutamatergic) and inhibitory, Wi the inhibitory interneurons using GABA and/or glycine as
their main neurotransmitter(s). The balance in the actions of excitatory and inhibitory
interneurons in the CNS is therefore key in information proces@iaghamaki, Yanagawa et al.
2003. The proper functioning of these interneurons is required for adequate perception of
sensory stimuli(Graham, Brichta et al. 2007Todd 2010 Zeilhofer, Benke et al. 20).2
Dysfunction of dorsal horn interneurons leatts the signs and symptoms of chronic pain
(Zeilhofer, Benke et al. 20)eharacterized by increased sensitivity to both noxious (hyperalgesia)
and norrnoxious stimuli (allodynia). A mechanistic understanding of the role these interneurons
play in the physiological processing of somatosensory and nociceptive signals and their
malfunctioning in pathological pain states depends on a detailed knowledge of ibphysical
properties and their integration in dorsal horn neuronal circyiRsinnakkal, von Schoultz et al.
2014 Peirs and Seal 20).65tudying these inhibitory and excitatory interneurons in the dorsal

horn wouldthuslead to a better understanding of pain processing in the spinal cord. In recent
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times past, researchers relied opost hocidentification d neurons through the use of
neurochemical markergTodd, Hughes et al. 200®axwell, Belle et al. 20QSchneider and
Walker 2007Yasaka, Tiong et al. 2QHblgar, Sardella et al. 201&@ on smultaneous recordings

of synaptically connected pairs of neurofisi and Perl 20Q03.u and Brl 2005. However, to
achieve a more precise and accurate understanding of the mechanistic role of the interneuronal
population in the spinal dorsal horn, additional new techniques are required. The use of reporter
mice over the years has revolutionizédte way specific neuronal cell populations in CNS are
identified. These mice express fluorescent proteins in defined neuronal populdRonsiakkal,

von Schoultz et al. 20)4y introducing the cDNA encoding a gredaorescent protein (GFP)
obtained from a jellyfishAequorea victoripinto the cell or organism of interegTamamaki,
Yanagawa et al. 2003The use of the B° system to identify GABAergic neurons has been
demonstrated by the creationf micein which GFP expression is regulated by GAD67 promoter
(Oliva, Jiang et al.0®0). Mice expressing enhanced green fluorescent protein (eGFP) in
GABAergic neurons under the transcriptional control of the Gad67 or Gad65 gene, or in
glycinergic neurons under the control of the GlyS&6a% gene have been used to characterize
dorsd horn inhibitory interneurongHeinke, Ruscheweyh et al. 2Q0@eilhofer, Studler et al.
2005 Cui, Kim et al. 20)1These studies wergoweversomewhat incomplete as they did not
encompass a full characterization of all neuronal types in the meubstantia gelatinosaBy
contrast with rats(Balasubramanyan, Stemkowski et al. 20B8irs and Seal 20} 6urprisingly

few detailed characterizatisof mousesubstantia gelatinoshave appeared. This chapter seeks

to address some of these gapkus, the idea here is; 1). Researchers have looked at the

characteristics of GAD&GFP neurongTamamaki, Yanagawa et al. 200unnakkal, von
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Schoultz et al. 20)4€ut are yet to compare or situate it with the whole interneuronal population
in the substantia gelatiosa2) Although, a few characterization of mousgbstantia gelatinosa
neurons have been don@braira, Kuehn et al. 20),the authors did not look a6AD67EG-P
and did not pay attention to the pain circuitry. In this stutlyeeding pairs of Tamaguchi-CL
white albino Swiss transgenic miged, which expresses eGFP under the transcriptional control
of the glutamic acid decarboxylase enzyme (GAD) were gesteeatd the biophysical properties

of both GAD67EGFP sub population and non GAIBSIFP interneuronal population was studied.

3.2 Methods

Please refer taChapter 2for all procedures performed. Data for the firing properties of
rat neurons were obtained &m a database of recordings obtained by previous workers in the

laboratory (Drs Yishen Chen and Sridhar Balasubramanyan).

3.3 Results

3.3.1 Electrophysiological properties of substantia gelatinosa neurons in acutely isolated

slices of mouse spinal cord.

Primary classification of neurons was based on firing patterns seen when the membrane
potential is held at60mV as this corresponds to the average rmp of neurons in mewssantia
gelatinosa(Table3.1). Clear differences were found between the firingteans encountered in
mice compared to rats. Whereas rat neurons fit into six categd@é&n, Balasubramanyan et
al. 2009 (figure 1.3 mouse neurons were found to fall into seven. Some firing patterns seen in

mice were not previously observed in rats ande versaln mice the following ere identified: -
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Delay IrregulaNeuronsThese were defined by the presence of an obvious delay
prior to initiation of action potentials in response to 800ms depolarizing current commands
delivered from a preset holding potential 0of60 or-85mV. Discharge was irregular with some
varation in interspike interval and spike height. The typical firing pattern of this typmewron
is illustrated infigure 3.1 a. Delay irregular neurons accounted for only 4.7% of 211 neurons
sampled in acutely isolated slices of mogsdstantia gelatinea

Delay Tonic Neurongpresent a larger population of delay firing neurons that
exhibit regular firing, constant interspike interval and spike height after an initial delay when
depolarized with an 800ms current injection. Delay tonic neurons aceduiotr 14.7% of the
211 neurons sampled. Their firing pattern is illustrateéignre 3.1 b.

Tonic NeuronsThese comprised 15.2% of the neuronal population and, as
illustrated infigure 3.1c, exhibited robust, high frequency discharge with the smakesrent
injection used (15pA). Discharge rate was increased with larger current injections and spike
height and interspike interval was unchanged throughout the response.

Regular Firing Neurondisplayed a similar discharge pattern to tonic neurons
exept that more current was required to maintain sustained discharge. It was also possible to
evoke one or two action potentials with small current injections in regular firing neurons whereas
tonic neurons always discharged a train of action potentials dhoeshold was exceeded. As
illustrated infigure 3.1 d maximum firing rate was less for regular firing neurons than for tonic
firing neurons. Rate of discharge in response to current injection is sometimes described as
GAFAYEd wSIdz | Nayed el ghid than SodiNdyfanEgiReA34l b)f Regular

firing neurons comprised 15.2% of the neuronal populatiomgousesubstantia gelatinosa
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Phasic Neuronshow accommodatiorof firing rate during the response to an
800ms current command. Spikeigbt remains constantigure 3.1 eillustrates the firing pattern
of a phasisubstantia gelatinosaeuron Phasic firing neurons in mice tended to accommodate
less completelyompared tothose from ratgBalasibramanyan et al., 2006; Chen et al., 2009)

In mice, phasic neurons comprised 14.7% of the 211 neurons sampled.

Initial Bursting Neuronshow &firing pattern that was previously described by Cui
et al (2011). Initial bursting neurons expressed aniahiigh discharge rate when depolarizing
current was first applied. Spike height declined during this burst and rapidly accommodated so
that discharge completely ceased during the application of sustained depolarization. Typical
discharge pattern of an itial bursting neuron is illustrated ifigure 3.1 f, these neurons
accounted for 13.3% of those samplédditial bursting neurons have not been reported in rat
substantia gelatinos@Chen, Balasubramanyan et al. 2D@§ure 1.3.

Single Spiking Neuronfired one or at most two spikes in response to a
depolarizhg current commandfigure 3.1 g). They accounted for 12.3% of the 211 neurons
studied.

10% of neurons encountered did not fit into the above categories and were
RSTAYSR a dadzyOf I AaA ¥FAS Bhatefew dells that @isplaygdBii SV IA- 1.JQ0 K
pattern of firing(Heinke, Ruscheweyh et al. 2Q04rhese cells displayed an initial spike followed
by a delay and repetitive discharge thereafter. lasvalso noted that the voltaggensitive
conductances present in delagnic tonic and/or delay irregulaneurons produced an initial
small notch or shoulder on the voltage trajectgyoduced by current injectionfigure 3.1 i).

Sometimes this notch broing cells to threshold for a.p. generation asdch that theydisplayed
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tonic or delay irregular neurons.

Table3.1lists the average rmp of the seven iddi®d neuronal types. All values
were close to-60mV and there was no statistical difference between values in the cell types.
Table 1 also lists the spike widths of neurons in acute slices. Delay tonic cells exhibited the
broadest action potentials (4.4#ms, n=23) and this was significantly greater than that
recorded in phasic, regular spiking and tonic neurons. The relatively long spike duration found in
single spiking neurons (3.9+0.5ms, n=22) was significantly greater than that of phasic, regular
firing or tonic neurons (p values ranged from <0.05 to <0.001;vame ANOVA with post hoc

Tukey Kramer test).

3.3.2 Comparison of neuron types in acute spinal cord slices in rats with those in mice.

In acutely isolated slices of ratubstantia gelatinosathe lab has previously
characterized neurons into 6 categories according to their firing patfiggnre 1.3. These are
tonic, delay irregular, delay tonic, phasic, transient and irreg{@en, Balasubramanyan et al.
2009. The firing patterns of some neurons do not easily fit into these categories and are
described as unassified. This classification of rat neurons is similar to those used by other groups
(Grudt and Perl 20Q2vasaka, Tiong et al. 201L@ith the exception of the subcategorization of
delay firing cells into delay irregular and delay tonic tyfi&sen, Balasubramanyan et al. 2009

Figure 3.11 j compares the percentages of neurons of each type found in mouse
substantia gelatinosavith those found in ratsubstantia gelatinosaDataare from 211 mouse

neurons and 258 rat neurons. The initial bursting and regular firing categories found in mice were
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not previously seen in ratéGrudt and Perl @02 Balasubramanyan, Stemkowski et al. 2006

Chen, Balasubramanyan et al. 200%saka, ibng et al. 201D By contrast, the irregular firing

neurons seen in rats were not seen in mice. Delay irregular and tonic neurons were less
commonly encountered in mice than in rats. Thwhile delay neurons in rats often displayed

the delay irregulaphenotype, those in mice often displayed the delay tonic phenotype. The
aAy3afS aLAlAy3a OStta F2dzyR Ay YAOS 4SNB az2yYSye
these displayed a single, short latency, high threshold, very brief spike at the dtart o
depolarization. Although a few single spiking cells seen in mice had characteristics of transient

cells as seen in rats, most discharged a one or occasionally two action potential with small or

large current injectiong¢figure 3.1 g). For the purpose afomparison, transient and single spiking

cells have been combined for mice and compared with transient neurons from rats.

3.3.3 Effect of resting membrane potential on firing pattern of neurons in mouse

substantia gelatinosa.

Initial membrane potentialcan substantially alter the discharge patterns of
neurons in response to depolarising curréRtescott and De Koninck 2Q@2einke, Ruscheweyh
et al. 2004 Yasaka, Tiong et al. 201This may be a reflection of increased availability of vokage
gated N& channels (s and Atype K currents (h) as ther inactivation is removed at
hyperpolarized potentials. Both conductances have been identified in m@irsdnam, Brichta
et al. 2007 or rat spnal cord (Safronov, Wolff et al. 1997Safronov 1999 Activation of
hyperpolarization activated cyclnucleotide gated (HCN) channels at negative voltages may also
impact neuronal discharge patterr{slughes, Boyle et al. 20L3revious characterizations of
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mousesubstantia gelatinosaeurons have held neurons at eithefOmV(Abraira, Kuehn et al.
2017 or from a range of potentials betweef0 and-90mV(Cui, Kim et al. 2031To learn more
about firing patterns of mouseubstantia gelatinosaneuronsand to align our findings to
published literature we compared firing patters evoked at60mV (close to the average rmp of
-62mV, Table 3.) with that evoked from85mV to remove inactivation of,lk and haand to
permit activation of HCN channelsigure 3.1k illustrates the effecobf membrane potential on
firing pattern evd&ed by depolarization. This graph was constructed by determining the firing
pattern from a cohort of 113 neurons from bot60 and-85mV. These two points were then
linked by a line for each cell. Thus, the thickness of the lines on the graph gives aofitde
transitions of firing pattern imposed by altering thmitial holding potential. For most cell
categories, such as phasic, single spike and delay tonic neurons, thick horizontal lines connect the
firing patterns at-60mV with those at85mV, indiating little effect of membrane potential on
firing pattern. However,the thickness of sloping linesdicatesthe numbers of cells which
transition between firing patterns when studied from different holding potentials. Thus, 4 out 15
neurons exhibitingnitial bursting and 8 out of 24 exhibiting phasic firing-8mV showed
regular firing at60mV. Also 4 out 15 neurons showing regular firing fr8BmV showed tonic

discharge from60mV.

3.3.4 Relationship between GAD67-EGFP expression and electrophysiological

phenotype of mouse substantia gelatinosa neurons in acute slices.

In rat substantia gelatinosaGABAergic neurons frequently display a tonic firing
pattern whereas most excitatory neurons display a delay firing pattéasaka, Tiong et al. 2010
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67 EGFP fluorescence was found to associate with initial bursting cells (the authors terminology,

this would correspond to our phasic cells) and not with delay firing ¢édiske, Ruscheweyh et

al. 2003.

Figure3.1 | shows that GADGEGFP in Tamamaki mice primarily associates with
tonic, phasic and regular firing neurons and is hardly ever encountered in delay irregular and
delay tonic neurons (in 1 out of 74 of GABBGFP+ neurons in each case, Fig 1l). Data were
obtained from 74 GADGEGFP+ and 146 GABBGFPneurons in acutely isolated slices. In view
of the voltagedependence of firing patterns, we also examined the relationship for GAD67
EGFP+ neurons. Figure 1m shows data from 47 GEB&P+ neurons. As fog Bk, thickness of
horizontal lines illustrates the stability of firing pattern when cell types are assessed from holding
potentials of-60 and-85mV. 5 out of 16 neurons that displayed regular firings@mV exhibited

phasic firing at85mV.

3.3.5 Spontaneous excitatory synaptic activity in mouse substantia gelatinosa neurons in

acutely isolated slices.

The average sEPSC interevent interval (IEI) for the segaron types are
summarized infigure 3.2 a. Delay tonic neurons exhibited the smallest IEbliest SEPSC
frequency); this was significantly smaller than that seen in single spike, phasic, initial burst and
regular firing neurons. Regular firing neurons display the longest IEl interval (lowest frequency of

SEPSC).
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¢KS f I NBSal | ¥rededninddRiS nedrénsigure 2ib); @mplitude was
significantly greater than delay tonic, delay irregular, single spiking and regular firing neurons.
wS3dzf F NJ FANRY3I ySdaNRPya KIR GKS avlftSad F YLI Al
and initialbursting neurons. Data frofigure 3.2 a and bfor SEPSC characteristics in the seven
neuron types are summarized figure 3.2 ¢ where event amplitude for each neuron type is
plotted versus IEI.
Spontaneous action potential activity was see® out of a total of 220 neurons studied.
Regardless of firing pattern, GADEGFP+ neurons had longer IEI (lower frequency) of
a9t {/ Q& - dekrbng figré H2d, p<0.001 KS test) but these events were of greater

amplitude figure 3.2 e p<0.001 K&est).

3.3.6 Relationship between spontaneous Ca2+ oscillations and age of Slice.

Transient or brief elevations of intracellular calcium levels or cal@sailations have
been shown to be involved in the regulation of various stages of neuronal deweldpincluding
proliferation, migration, differentiation, and survivgRosenberg and Spitzer 20Q11n a
developing circuitry when seory systems and functional connections between different regions
in the nervous system are still poorly developed, spontaneous forms of correlated neuronal
activity seem to control activitdependent neuronal developmerfKatz and Shatz 1996Thus,
periodic spontaneous network activias monitored by Caoscillations is aharacteristic feature
of the developing nervous syste(Blankenship and Feller 20L0Recordingn the mice acute
slice preparationdfigure 3.3b) we see continuous decline in spontaneous activity with age which
signals a developing neuronal circuitry and hence fewer oscillations seen with time. This
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observation can be attributed to the depolarizing actions of GABA and acetylcholine at early
stages oflevelopment, whereas at later stages, they become more dependent on glutamatergic

neurotransmissiorfHanson and Landmesser 2003

3.3.7 Changes in neuron number in slices.

During embryonic development, programmed cell death (PCD) which is a type of cell
death by natural processes or design takes pl@gi, Hong et al. 20).6Using various animal
models with mutations in genes controlling PCD, we now currently know that PCD helps in 1)
regulation of the size of progenitor populations, 2) error correction and 3) systems matching
(Ryu, Hong et al. 20)6The endgoal of this phenomenon is the efficiency and optimization of
systems by the removal of erroidden or unwanted neural populations in nervous system during
development. With the presence of aduleural stem cells (NSCs) which have the potential to
selfrenew and differentiate into multiple cell types including neurons in the adult nervous
system(Gage 200§ adult neurogenesis is the dynamic proctsst helps to recapitulate the
development of the embryonic nervous system. As such cell death and neurogenesis are integral
to the development of the nervous system aadlelicate balance needs to exist between the
two processes. To highlight the immens®e played by PCD it is known that about 50 % of
sensory neurons or motor neurons innervating their targets (e.g. skin or muscle, respectively)
eventually undergo PCD during their provisional synapse formation.

Similarly our results show a comparablergportion of cell death throughout early
postnatal devedpment in acute slicesigure 33 c¢). The significant loss of neurons at this stage

in nervous system development has been shown®yn, Winseck et al. 200Kim, Kim et al.
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2007, Mouret, Gheusi et al. 200&nd could be due to the triggering of pro degiathways or
cues(Pfisterer and Khodosevich 201As development continues the loss in neuronal numbers
stabilizes as the animal grows into adulthodidure 3.3 c). At this point we see stability in the
neuronal population and the presence of pro survival pathways or cues might have been
triggered or set into motion and thus might account for the stable neuronal population seen. The
triggering of these pro surv cuesblocks intrinsic predeath signaling, thus accounting for
neuronal stability and when there is a lack of gmarvival signaling, prdeath pathways are
triggered (Pfisterer and Khodosevich 201 However, it must also be noted that different
types of neurons in the CNS might use different-puovival mechanisms and this could be
'neuron typespecific' presurvival mechanisms. It should be noted that imasch as there is

also a presurvival mechanism, there could also pteath pathways and it is the interplay
between these two mechanisms based on the presence or absence of specific cues, which
might highlight the significant neuronal death and stabiliylater adulthood seen ifigure

3.3¢c.

3.4 Discussion

The purpose of this study was to identdpd characterize the electrophysiological cell
types in laminae Il of GAD&YCt  LJ2 BahmamakYS. Odhisaharacterization sengas a
reference for thedevelopment and characterization of spinard organotypic cultures from
these mice in a defined mediuchapter4). Acute spinal dorsal horn slices were successfully
2001 Ay STBmamakneé aF ISR LIr Y LvnX LMmM YR Liicgg @ { SO

cell types: delay tonic, delay irregular, tonic, regular firing, phasic, initial burst and phasic, were
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determined by means of whole cell patch clamp recording from laminae 11 of the spinal cord.
The tonic regular and phasifiring phenotpe werepredominantly associated with GAD&FP
positive cells and a total absence of the delay excitatory phenotype recorded from these GAD67

GFP positive cells.

3.4.1 Electrophysiological phenotypes in acute slices of mouse spinal cord and

relationship to GAD67-EGFP expression.

Although there have been several attempts to classifgnmeurons in laminae I, there is
yet to be a generally accepted scheme that covers all of these\8&dbadinitially assunedthat
the electrophysiological phenotypes of mousgbdantia gelatinosaneurons in acutely isolated
slices would be similar to those seen in rgBalasubramanyan, Stemkowski et al. 2006
Unexpectedly it s found not to be the same, even though they belonged to the same
mammalianorder @ NB R S Witérastinglyp two neuronal phenotypes found in mice; regular
firing and initial burstingAbraira, Kuehn et al. 20)ffigures3.1 d and 3.1 f) are not found in
rats. It is likely that regular firing neurons in mice fulfill a similar function to tonic neuBwntb.
are frequently GABAergitiqure 3.1 h) and regular fing neurons are capable of tonic firing with
injection of appropriate amounts of depolarizikgrrent figure 3.1 d). Tonic cells in rats often
display a characteristic islet cell morpholadg$asaka et al., 2010ut the usual morphology of
mouse regular firing neurons remains to be determined.

Recording from hundreds of acute slices from mice, delay firing (either delay tonic or
delay irregular) almost never extii the GAD67/EGFP+ phenotypédure 3.11). Thg observation
confirmsthe findings of a previous report using both GIN and Tamamaki(aeke et al., 2004;
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Punnakkal et al., 2014nd correspond to observations in raféasaka et al., 2010%uch firm
reports from both rat(Yasaka et al., 2018hd mousgHeinke et al., 2004; Punnakkal et al., 2014)
superficial dorsal brn strongly support the idea that delay firing neurons are excitatory and
glutamatergic. The excitatory and glutamatergic nature of these delay firing cells have largely
been observed taesult from an Atype potassium current {) (Ruscheweyh and Sandkuhler
2002 Graham, Brichta et al. 20pvolving channels containing the Kv4.2 or Kv4.3 subunits
(Huang, Cheng et al. 2008u, Carrasquillo et al. 20p&hich suppresses neuronal excitability.
About 50% of inital bursting cells and single spiking cells exhibit the GARBFP+
phenotype but, in confirmation of the results of Punnakkal et al (2014) this phenotype is seen
most frequently in phasic,onic and regular firing celldigure 3.1 I). It is possible thasome
GABAergic neurons are not identified by GAIB&FP+ expression either because the EGFP signal
is too weak to be detected by our system (confocal calcium imaging system) or that the neurons
instead express GADgborenzo, Magnussen et al. 2Q14n acute slices, neurons identified as
tonic, phasic and regular firing exhibit the GAEB3FP+ phenotype. As statalove, theres a
lack of general consensus dmetclassification of the various interneuronal phenotypes in lamina
II, as such, slightly different criteria used by different groups may also account for differences
between the findings seeand that obtained with GAD6F D Ct & D [Heigke ef 4l.(»804)
To illustrate these differences, the authdkdeinke, Ruscheweyh et al. 2Q@wted a paticularly
strong correlation between GADE&GFP expression and phasic neurons (termed initial bursting
neurons by the authorsPne possible explanation for this is our observation that altering holding
potential can, in some cases change a phasic fiugan into a regular firing neurotigure 3.1

k). Perhaps, there is a continuum between these neuronal types and the firing pattern is
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determined by slight differences in numbers of ion channels expressed in individual neurons.
Alternatively, GIN mice atanown to only express fluorescence in a subset of GABAergic neurons

(Heinke, Ruscheweyh et al. 20@hd it may be those that express the phasic firing pattern.

3.4.2 Importance of GAD67-EGFP mice for pain research

The development of ransgenic mice has allowed researchers to identify GABAergic
neurons associated with the GABgnthesizing enzymes, glutamate decarboxylase (GAD) 65 or
GADG67(Heirke, Ruscheweyh et al. 200dopezBendito, Sturgess et al. 2004%everal lines of
evidence have suggested that the loss of GABAergic inhibition plays an important role in
inflammatory and neuwpathic pain (Baba et al. 2003; Malan et al. 2002; Moore et al. 2002; Yaksh
1989). Transgenic mice that coexpress a fluorescent protein such as EGFP with a functional
neuronal marker like GAD67 therefore serveeasellenttools allowing for recording frorfarge
numbers of neurones with a defined phenotype in a slice or culture preparation by visual
identification. Until recerly, researchers have been engaged in using arduous and- time
consuming post hoc procedures (such as immunohistochemistry) or tediaigghly demanding
paired recordings from monosynaptically connected pairs of spinal neurddesas,
Bischofberger et al. 199&u and Perl 20Q3vere necessary for the targeted investigation of
specific neuronal types expressing a specific marker. Thus specifically studying GABAergic
inhibitory interneurons may be useful to further understand how the synapingmission and
intrinsic circuitry of the spinal cord contribute to the perception of p&iui, Li et al. 2008
Current approaches in molecular techniques hastéed rapid advancement in our knowledge
about the physiological properties of spinal GABAergic neurones by means of genetic
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engineering. The loss of tonic GABAergic inhibition leads to abnormal painful conditions such as
hyperalgesia and allodynigraksh 1989Sivilotti and Woolf 1994which are key symptoms of
neuropathic pain. As such, having a better urelending of the GABAergic network in the
transmission of pain signals is key to the development of effective strategies by means of
medication and management of neuropathic pain states. Using animal models of neuropathic
pain and targeting specific subgmowf GABAergic neurones labelled as in the case of GAD67
EGFP mice would help us have a better understanding of the precise role these neurons play in

central sensitization leading to the onset of chronic pain

3.5 Conclusion

This work has shown that n@cand rats even though they belong to ordedentiado
have subtle differences in their dorsal horn electrophysiological properties. It has beem show
that there are 7 electrophysiological phenotypes found in the dorsal horn of mice acute slices
comparedto the 6 electrophysiological phenotypes in the dorsal horn of rat acute slices.
Importantly, the GABAergic phenotype identified by the expression of GAIFP is strongly
associated with the tonjaegular and phasitring phenotype with the total absere of any delay
electrophysiological phenotype expressingritorder to useTamaguchi GL white albino Swiss
mice could be used as a good model to developngefimedium organotypic cultures (DMOTC).

We next had to determine whether the seven neuronbépotypes found in acute slices
were preserved in culture. More importantly we had to determine whether GABGFP still
associated with tonic, regular firing and phasic neurons and not with delay firing neurons in

DMOTC as it did in acute slices.
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These isues will be addressed @hapter 4

95



Table 3.1 Comparison of Electrophysiological Properties of Cell types in Acute $atass of
rmp for all neuronal types were not significantly different from each other in acute slices (One
way ANOVA, Tukellramer post hoc test). Significant differences were however observed in
spike width of the various cell types in acute slices as detailed in the main text oh#pter

(One way ANOVA, Tuk&yamer post hoc test).

Delay Delay Initial Phasic Regular  Single Tonic
irregular  tonic burst firing spiking
rmp (acute) -64.3t1.7mV  -63.9+1.0mV -60.6x1.6mV -62.0£1.0mV -62.1:1.2mV -59.5:0.7 -62.8+1.1mV
(n=7) (n=29) (n=25) (n=33) (n=34) (n=26) (n=30)
Spike width 1.9t0.2ms  4.4t0.6 3.1+0.3 2.060.3ms  2.1+0.3 3.9t0.5 2.0£0.2
(acute) (n=7) (n=23) (n=22) (n=22) (n=16) (n=22) (n=22)
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Figure. 3.1. a-g lllustrations of typical firing patterns of Delay Irregular, Delay Tonic, Tonic,
Regular Firing, Phasic, Initial Bursting an@I8i®piking (Transient) neurons in acutely isolated
slices of mouse spinal cord. Recordings are displayed on two different time sc&etationship
between discharge frequency and current injection (gain) for tonic (n=21) and regular firing
neurons (n20).i. lllustration of voltage response of a delay neuron on high gain to illustrate
notch that was sometimes capable of generating an action potential so that the neuron displayed
0KS a3k L¥ T A R&oérlagd oKridyfcehsiod dat$h phenotypaahand mouse acute
slices (211 mouse neurons and 258 rat neuroks)Scheme to illustrate effect of holding
potential (60 or-85mV) on neuronal discharge pattern. For each of 113 neurons investigated a
line is drawn between its firing pattern a60 and-85mV. Thus horizontal lines represent
numbers of neurons in which firing pattern was unaffected by holding potential. Other lines
between categories of firing patterns illustrate numbers of neurons that transitioned between
firing patterns as holding pehtial was alteredl. Percentages of 146 GABnd 74 GAEEGFP+
neurons showing tonic, delay tonic, delay irregular, initial burst, phasic, regular firing, unclassified
and single spike firing patterns gubstantia gelatinosaegion of acutely isolated spal cord
slices.m. Scheme as in | to show transitions of firing pattern following alteration of holding

potential for 47 GADG6EGFP+ neurons in acute slices.
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Figure 3.2. a and b. Summaries of interevent intervals @ L0 | YR | YLJ A GdzRS a
electrophysiologically defined neuron typessunbstantia gelatinosaiegion of acutely isolated

mouse spinal cord slices. Numbers of neurons in each category indicated on graph. (Differences

are not significant unless mked with*** = p<0.001 or ** p<0.01, ongvay ANOVA with post hoc

Tukey Kramer test)c. IEI data from A plotted against amplitude data from d8.and e.

[ dzydzf + GA DS LINRPOFOAfAGE LX20a (2 aK2g RAFTFSNBY
neuronsand 45 GADGEGFP+ neurons. (3066 events from &#ddirons and 1088 events from

GADG67EGFP+ neurons. For amplitude p<0.0001 for IEI p<0.0001 (Kolmogorov Smirnof test).
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CHAPTER 4

CHARACTERI ZATI ON OF SPI NAL DORSAL HORN NEURON
MICE IN DEFINED-MEDIUM ORGANOTYPIC CULTURE AND ST ABILITY OF THEIR

GADG67-EGFP PHENOTYPE

* Portions of this chapter kabeen publishedBoakye et al., 208, Neuroscience; 372:126
140).
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ABSTRACT

Previously, | identified and classified 7 different electrophysiological cell types subisantia
gelatinosaof GAD67/EGFP Tamaguchi-Clwhite albino Swiss micelapter 3. For decades
organotypic cultures (OTC) or defined medium organotypic cultures (DMOTC) have been used for
studying long term chronic disease statés.order to assess and tgmine whether DMOTC
spinal cords from mice are suitable and stable for long term studiletermined whether the
seven neuronal phenotypes found in acute slices were preserved in cultengployed whole

cell patch clamp recording and recorded fromlgeh lamina Il. The same 7 distinct cell types
identified in acute slices was seen in DMOTCs of mice spinal cordsGAR67/EGFP neurons
identified in DMOTGtill associated with tonic, regular firing and phasic neurons and not with
delay firing neuros in DMOTCSability of the overall neuronal population decreased but
stabilized over the entire duration in cultuead slices were intact and healthy during the period
of growth.

Neurons from DMOTC of mice also exhibited oscillatory activity as moditbye
examining intracellular Ca2+ levels similar to that seen in mice acute slices. Similarly, this activity
decreased in older slices compared to younger offdgse findings suggest the suitability of
using defined medium organotypic cultures of micengpicord as longerm disease state

models.

Key Words

Lamina lIDefined Medium Organotypic Culturdslectrophysiology
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4.1 Introduction

The superficial dorsal horn, which includes substantia gelatinosas of paramount
importance to the elucidatiof pain mechanisméeirs and Seal 2018ekkirala, Roberson et
al. 2017. Understanding the circuitryrad processing of such a key pain pathway is fundamental
to understanding the processing of afferent information to higher brain centers. Neuropathic
pain, as a result of lesion to the nervous systdbworkin, Backonja et al. 20p& often
intractable and difficult to trea{Turk 2002. Pooled global estimates suggest that neuropathic
pain affects 23% of the populatior{Gilron, Watson et al. 20Q0&nd a huge healthcare burden
both to the individual and health care systeffiarride Collet et al. 2006 The etiology and
epidemiology of neuropathic pain is still not well understad@dtal 200Q Smith 2004, partly

because of the myriad of associated conditig@dron, Watson et al. 2006

As mentioned in chapter 1gpipheral nerve injuryisacommon approach used to study
the development of neuropathic paifKim, Yoon et al. 199MDecosterd and Wdb 200Q
Stemkowski and Smith 20JL3Following peripheral nerve injury peripheral immune cells
(resident macrophages and monocytes) rush to the lesion(Bigekins and Tracey 2008cholz
and Woolf 2007: schwann cell activation and proliferation lead to the release of growth factors
such as brain efived neurotrophic factor (BDNF), nerve growth factor (NGF) and glial cell line
derived neurotrophic factor (GDNEStoll, Jander et al. 200%uertin, Zhang et al. 2005cholz
and Woolf 2007). Theseact as potent regulators afene expression andn channel properties.
Sgnaling between primary sensorgumrons, schwann cells, immune cells, cytokjmbgmokines
and spinal dorsal horn neurorisads to the onset of mechanical hyperalgesia and allodynia

(Scholz and Woolf 200.7As outlined irfigure 1.4a, BDNKCoull, Beggs et al. 2005u, Ballanyi
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et al. 2007 Lu, Biggs et al. 200Biggs, Luteal. 2012 Smith 2014Hildebrand, Xu et al. 201&nd
colony stimulating factor 1 (C8F(Guan, Kuhn et al. 201®kubo, Yamanaka et al. 2QJ8ay a
major role in central sensitization associated with neuropathic pain. | have further investigated

their actions irchapters 4 and ®f my thesis.

Theslowly developing effects of neurotrophins and other biological mediators can be
conveniently studied using organotypic cultures (OTC) of neuronal tigSébwiler 1981
Gahwiler, Capogna et al. 1993alante, Nistri et al. 20Q@\vossa, Rosat8iri et al. 2008 The
use of OTC obtained from spinal cords were first described almost 30 year®mgchler,
lannone et al. 198%treit, Spenger et al. 199however, based on the needémy thesisl have
modified the methodology to use definethedium cultures (DMOTC), thus, avoiding and
removing doubts about data interpretation as the use of undefined factors and mediators
present infetal bovine serumKB$ can confound the interpretation of effectsf slowly acting,
exogenously applied neunaiphins such as BDNF or €Sghapters 4 & . Previously the lab
has used DMOTC of rat spinal cord to study and elucidate the role of @DNBallanyi et al.
2007 Smith, Biggs et al. 200Bu, Biggs et al. 20DB y R A Yy (i S(Sist&fsahVickérs,niu et
al. 200§ in central sensitization and to study the lotgym actions of gabapentenoidgve have
foundthat the properties of rat spinal neurons in DMOTC are reassuringly similar to that-of age
matched neurons in acutglprepared ex vivo slicdsu, Moran et al. 200@iggs, Lu et al. 2012
In thesubstantia gelatinosaf both ras (Prescott and De Koninck 20@21 and Perl 2002.u and
Pel 2005 Balasubramanyan, Stemkowski et al. 20@hen, Balasubramanyan et al. 2009
Yasah, Tiong et al. 20)@nd mice(Graham, Brichta et al. 20Qdleinke, Ruscheweyh et al. 2004

Cui, Kim et al. 202 Tadros, Harris et al. 201Runnakkal, von Schoultz et al. 20Adraira, Kuehn
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etal. 2017, avariety of neuronal phenotypes can be characterised electrophysiologically by their

discharge pattern.

Based on our successful characterization of seven electrophysiological phenotypes from
acute slices obtained from GAJ-EGFP mice inhapter threg and since mousenodels of
human disease are far more amenable to genetic manipulation than the corresponding rat
models, | modified our existing methodology for the generation of rat spinal DBfor use in
mice (Boakye, Patterson et al. 20016 sought tq1) investigate whether the electroplsjological
phenotypes identified in acute slices were comparable to thngaMOTCs obtained from mouse
el2 embryos and@2) whether any relationship between firing pattern and GABA expression in
acute slices is parallet as neurons and neighboring astytic glial cells developed in DMOTC.
This work thus addresses the fundamental question of whether modifications of the mouse

genome persist when neurons develop in DMOTC.

4.2 Methods

Please refer t€Chapter 2for all procedures performed.

4.3 Results

4.3.1 Electrophysiological properties of substantia gelatinosa neurons in DMOTC of

mouse spinal cord

Previous work has shown that all neural electrophysiological phenotypes defined in rat

neurons are maintained in DMOTC (Lu, Moran et al. 2006; BiggsalLw@12), as such it was
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important to ascertain the persistence of these electrophysiological phenotypes in mice as
changes in action potential characteristics have been reported to occur when mice spinal neurons
are maintained in organotypic culture (As&a, Rosat&iri et al. 2003).

To maintain consistency and as reported by oth@&udt and Perl 20QZHantman, van
den Pol et al. 2004he primary classification of neurons was based on firing patterns seen when
the membrane potential is held a6OmV as this corresponds to the averagsting membrane
potential fmp) of neurons in mouseubstantia gelatinea both in DMOT(Table 4.} and in
acute slicesTable 3.).

Delay Irregular NeuronsAs was done for acutely isolated mouse neurons in
chapter 3 these were defined by the presence of an obvious delay prior to initiation of action
potentials in responsto 800ms depolarizing current commands delivered from agetéholding
potential of-60 or-85mV. Discharge was irregular with some variation in interspike interval and
spike height. The typical firing pattern of this type of neunmMOTGs illustiated infigure 4.1
a. Delay irregular neurons accounted for only 2.3% of 131 neurons sampled in DMOTC of mouse
substantia gelatinos#igure 4.2f).

Delay Tonic Neuron&s was done in chapter 3, these neurons were identified in
DMOTC as exhibitinggula firing, constant interspike interval and spike height after an initial
delay when depolarized with an 800ms current injection. Delay tonic neurons accounted for
15.3% of the 131 neurons sampladDMOTCfigure 4.2f). Their firing pattern is illustrad in
figure 41Db.

Tonic NeuronsThese comprised 8.4% of the neuronal populatiotnDMOTC

(figure 4.2f) and, as illustrated ifigure 4.1c, exhibited robust, high frequency discharge with
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the smallest current injection used (15pA). Discharge rate waased with larger current
injections and spike height and interspike interval was unchanged throughout the response.
5ah¢/ > G2yA0 RA&AOKINHSAE ¢gSNB 2FGSy AyidSNNHzLII S
Since tonic firing neurons are ufud @ AYKAOAG2NESX GKS LINBaSyOoS 2
generation ofautapsiesin the culture.

Regular Firing Neuronés in acute culturesigure 3.1d) thesedisplayed a similar
discharge pattern to tonic neurons except that more current was regito maintain sustained
discharge. It was also possible to evoke one or two action potentials with small current injections
in regular firing neurons whereas tonic neurons always discharged a train of action potentials
once threshold was exceeded. Asistrated infigure 41 d maximum firing rate was less for
regular firing neurons than for tonic firing neurorfBgure 4.1 c). Regular firing neurons
comprised 19.9% of the neuronal population in MAEOTCf{gure 4.2f).

Phasic Neuronshow accommodatin of firing rate during the response to an
800ms current comman(hs defined in acute slicefigure 3.16. Spike height remains constant.
Hgure 4.1eillustrates the firing pattern of a phasstibstantia gelatinosaeuronin DMOTG@rom
a mouse. In mic®MOTCphasic neurons comprised 15.3% of the 131 neurons santfitpde
4.21).

Initial Bursting Neuronsinitial bursting neurons expressed an initial high
discharge rate when depolarizing current was first applied. Spike height declined during #tis bur
and rapidly accommodated so that discharge completely ceased during the application of

sustained depolarization. Typical discharge pattern of an initial bursting naar@MOTds
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illustrated infigure 4.1f, these neurons accounted for 21.37% of theaenpledn DMOTCfigure
4.21).

Single Spiking Neuroms DMOTG@ired one or at most two spikes in response to a
depolarizing current commandidure 4.1g). They accounted for 6.11% of the 131 neurons
studiedin DMOTCfigure 4.2f).

In general, the tribution of firing patterns in DMOTC resembles those seen in DMOTC.
All cell types seen in acute slices were seen in culfigergé 4.2f)

Table 4.1lists the average rmp of the seven identified neuronal typeBMOTC
As seen in acute slicesgble3.1) dl values were close te&60mV and there was no statistical
difference between values in the cell typ&sable 4.1also lists the spike widths of neurons in
DMOTC. Delay tonic cells exhibited the broadest action poten@dlsl(7ms, n17) and this vas

significantly greater than that recorded in phasic, regular spiking and tonic neurons.

4.3.2 Relationship between GAD67-EGFP expression and electrophysiological

phenotype of mouse substantia gelatinosa neurons in DMOTC.

Figure 42 gshows that GADGEGFP primarily associates with initial bursting, phasic and
regular firing neurons in Tamamaki mice spinal cord slices in DMOTC. Only 3 out of 51 GAD67
EGFP+ neurons exhibited a delay (tonic) firing patter®% of delay (tonic) cells encountered
were GABG7-EGFP+ in DMOTC compared to 1.4% in acute slitess GADG6EGFP associated

with similar cell types in both acute slices and in DMQigGré 4.2h).
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4.3.3 Spontaneous excitatory synaptic activity of neurons in DMOTC.

Figure 43 aillustratesthe 9 L 2 F &9t {/ Qa4 Ay @I NA2dza Yy Sdz2NP
delay tonic neurons exhibited the longest IEI (lowest SEPSC frequency). These were significantly
greater than most other neuron types. Single spike and phasic cells exhibited the highest
frequency g¢hortest IEI) Figure 4.3 illustrates mean sEPSC amplitude in the 7 neuron types. No
significant difference in sEPSC amplitude was seen between any pairings of neuron types. Data
from figures 43 a and 43 b are summarized ifigure 43 c. In DMOTC, day (tonic) neurons
have the smallest and lowest frequency of synaptic events whereas single spike neurons have
the largest amplitude and the highest frequency events. These data are replotfiggiia 4.3 f
and superimposed on data from acutely isolatedirons from figure 3.2c, in chapter 3. Several
LI2AYyGad SYSNHS FNRY (KAa O2YLI NRazy A0 a9t {/ Qa
higher frequency than those in acute slices. ii) There is greater variation in the amplitude of
a9t {/ Q& efihed neBrbn@l KypeRn DMOTC compared to acute slices. iii) There is greater
BENRFGA2Y AY (GUKS AYGSNI S@Syid AyOuSNBEFE 2F a9t {
alters the characteristics of synaptic excitation seen in the 7 neuron types. &mpés in acute
aft A0Sazx NB3IAdzE I NI FANRAY I ySdzNPya NBOSAdGreaot {/ Q
3.2a and ¢ chapter 3 and these are of low amplitude (86.6+1.7pA, n=f&fyre 3.2b and ¢
chapter 3. By contrast in DMOTC, sEPSC amplifL8&+18.9pA, n=27Figure 43 b and ¢ and
frequency (IEl = 461+80.5ms, n=Rgure 43 a and ¢ of regular firing cells are among the largest
2T GKS 1 ySdaNRYy (eéLlSao Y{ lylfeara &EGERFSR (K|
neurons was sttistically distinct from that observed in GABDEGFPneurons (p<0.00ifjgure 4

e) but these events were of similar amplitude (0.1>p<0.05 KSitest 43 ).
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Eight out of 283 mouse neurons studied in DMOTC exhibited spontaneous action

potential disclarge that appeared to be driven by synaptic activiigure 4.3 g).

4.3.4 Characteristics of organotypic cultures.

A low power image of a typical slice in DMOTC is as presentigdiia 42 a. Most slices
maintain this basic architecture over a-sneek period and can still hold this basic architecture
over extended periods of time. An interesting feature of the cultures is the migration of the two
dorsal root ganglia to the ventral aspect of the slice over time.,Alseas observed that there
was a dtical time window for culture preparation. Thus, spinal cord slices obtained prior to ell
or after e13 failed to produce viable cultures. Neurons in mouse spinal cord continue to express
GAD67EGFP in DMOTf{g(re 4.2b). Infigure 42 ¢, neurons are lbeled with NeuN Alexa 546
(red) in a slice from a GAD&GFPanimal and the proportion of GABAergic neurons can be seen
as they are indicated by a yellow color. When staining for NeuN or GFAP (see below) controls in
which the primary antibody was not prest was included

Neuronal death and the pruning of synaptic connections is characteristic of the normal
process of the spinal cord developmdBuss et al., 2006; Hildebrand, 197Days 9, 16, 23 and
30 of IMOTC closely correspond to p7, pl4, p21 and p28 acute digese(42 d). In DMOTC,
there appears to be a large decline in neurons per unit area between 2 and Yidays 4.2 ¢e),

statistical difference in neuron numbers only appeared when compa/yd@dnd day 37 counts.
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4.3.5 Oscillations in cytosolic Ca?*level.

Previous studies of rat (Lu et al., 2009) and mouse (Fabbro et al., 2007; Sibilla et
al., 2009) spinal neurons in OTC have documented the presence of spontaneous oscillations in
cytoplasnic C&*levels. In mice, oscillatory activity was observebldth acute slices andMOTC.

Given the morphology of astrocytes in DMOTC (sgare 45 a & O, these oscillations were
clearly of neuronal origirfrigure 44 ais a still frame from a videohich shows the oscillations

in DMOTC. Oscillations occurred at 0.07+0.009Hz (nE#f))re 44 b shows changes in Fluo 4
fluorescence versus time in selected regions of interest (ROl)ffgume 44 a. Ca*was elevated

for 10-25s during the course of ea@vent. The oscillations are clearly asynchronous. ,Tdnes
neuron infigure 44 b (blue trace) shows regular oscillations throughout the recording period
whereas another neuron (red trace) only shows one spontaneoti®e@aation during this time.
Other neurons such as that those depicted by the black, purptelaown traces show prolonged
periods where no deviation from baseline?Ckevels occur despite the activity in the neuron
depicted by the blue trace. The lack of synchronization between thdlaigms is illustrated
further infigure 44 cwhere some of the data frorfigure 4.4b is replotted on a faster time scale.
Onset of oscillation in one neuron is not temporally coupled to onset in anokhgure 4.5d
shows that oscillatory activity vgaprevalent in younger cultures and in acutely isolated slices

from neonatal animals (p7). As neurons aged oscillations were seen less and less frequently.

4.3.6 Properties and proliferation of Astrocytes in DMOTC.

In order to generate DMOTC, E12 spinafd slices are initially treated with

antimitotic agents to curtail the proliferation of astrocyt¢shapter 2 &figure 42 d). The
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recovery of the astrocyte population throughout thewgek time course was visualized by a
progressive in increase in GFfAt stabilized after 16dFigure 4.5ais an image taken from a
30d DMOTC, neurons are labelled red and astrocytes with characteristic stellate morphology and
ramifying processes (Avossa et al., 2003) are labelled gFeégare 4.5b shows a significant
increase (p<0.5) in the percentage area of slices showing GFAP immunoreactivity between 2 and
9d in culture; an increase that becomes highly significant (p<0.001) for all points after 16d. For
16d and onwards no further significant increase is seen. Thease in density of with time GFAP
was accompanied by a marked expansion in the processes of the cells so that they form a web
like structure that permeated throughout the entire slice. Astrocytes did not however extend
processes beyond the initial limif the culture {igure4.5c and g.

One characteristic of organotypic cultures is that they spread and thin in vitro to-quasi
monolayer thickness (Gahwiler, 1981; Gahwiler et al., 1997). This phenomenon was not seen in
DMOTC of mouse spinal cord. Slicesrecubated were originally cut to 27Bn and the mean

thickness of those in DMOTC was 252.24inB(n=6)(figure 4.5 ¢ & QL

4.4 Discussion

The purpose of this study was to develop and validate a method for transgenic DMOTC
cultures of mouse spinal cor@ultures were successfully maintaingdvitro for 6 weeks in a
serumfree medium and showed no sign of deterioratitthcan be reported that we are the first
to successfully develop migpinal corddMOTCs in a serum free media. An issue of corisern
that the spinal dorsal horn, a highly differentiated component of the spinal cord architecture,

containing a diversity of neuronal subtypes and phenoty@shampBrichta et al. 2004Tadros,
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Harris et al. 2012Peirs and Seal 201B8braira, Kuehn et al. 2@); could undergo some form of
de-differentiation in culture such that the clear electrophysiological phenotypes seen in acute
mouse slices would be lost. Another issue of concern is the fact that the survival of our DMOTCs
had a narrow time window, frorall to e1l3 embryos, and not from neonatal mouse pups, there

is also a possibility that maturation and differentiation of neural phenotypes may be
compromised or may not even occur in DMOT@& additionalconcernis the fact that developing
DMOTCs in vitr using geneticalkgngineered animals such as GAEBB3FP mice may alter the
relationship between GADBEGFP expression and neuron phenotypdundamental question

to askiswould, for example, the association between GAIEEIFP expression and tonic, pbas

and regular firing neurons in aaly isolated slicedigure 3.1j) be maintained as observed in
chapter3? If an answer contrary to what is observed from that obtained from acute slices is the
case, any studies ofubstantia gelatinosaneurons in DMOC would be of questionable
physiological significanc@/ith some few exceptions, it was observed thatdiferentiation and

or failure of differentiation is limited. In almost all scenarios, neurons defined by their biophysical
properties (electrophysiolgical phenotype) in acute slices continue to express this phenotype in
DMOTC. Worthy of note is the fact that, GAEBBBFP expression associates with the same
neuronal phenotypes both in acute slices and in DMOTC. With current trends been driven by the
widespread use of genetically modified animals in neuroscience research, it is safe based on this
study to conclude that such modifications persist when a heterogeneous neuronal population is

allowed to develop in organotypic culture.
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4.4.1 Electrophysiological phenotypes in DMOTC of mouse spinal cord and relationship

to GAD67-EGFP expression.

Based on the findings so far adduced, this study has shown that all seven
electrophysiological phenotypes seen in acute slices (ch&)tare present in DMOTC as well
(figure 4.2f1). It is thereforelikely that differentiation of cell types and firing patterns occurs
normally in DMOTC even though the cultures are derived froraptal animals. Another key
observation is that GAD67 expression in DMOTC is associate@létiic and regular firing
neurons in the same way as it is in acute slifigsie 4.2h). A very minodifference observed
between DMOTC and acute slices is that GAD67 is seen in less tonic cells in culture. As shown in
figure 3.1 m (chapter 3 however, pnic cells can exhibit a phasic firing pattern or may be
regarded as regular firing cells when the membrane potential is changed. Changes in firing
pattern as a result of variation in holding potential has been repo(téubel 1960 Deschenes,

Roy et al. 198Hirsch, Fourment et al. 198Burro Dossi, Pare et al. 19%Linke and Eysel 200
Also of note is the fact that GAnic firing cells may correspond to the central cells described
in rats(Yasaka, Tiong et al. 2010

Neurons in DMOTC show no difference in thetp compared to those in acute slices
(chapter 3. Most cell types in DMOTC showed a pattern of an increase in spike width, with a
pronounced significant increase seen in tonic firing c@léble 4.). An increase in spike width
was also observed lfAvossa, Rosat8iri et al. 200Bwhen neurons were maintained in culture.
However it should be mentioned that in that that study neurons were not classifidtkit firing

patterns as was done in this study. In this study, when all spike widths were averaged for all cell
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types, DMOTCs had significantly longer spike widths (P<0.05) of 3.6+£0.4 (n=96) compared to that
found in acute slices 2.9£0.26ms (n=1&hapter 3).

Ly 3ISySNIfxz GKS FNBIljdzSyoOe |yR YL AGddzRS 27
that seen in acute slices. This obvious difference in the excitatory synaptic drive in neurons in
DMOTC compared to those in acute slices is summarizédure 44 f. This trend has been
reported by(Lu, Moran et al. 2006n DMOTC and in organotypic cultures of rat hippocampus
(De Simoni, Griesinger et al. 2Q0Bhese observable changes in synaptic connectivity in cultures
may be reflective of the establishment of new excitatory connections and perhaps the formation
of autapseqLu, Moran et al. 2006 For each neurotype in DMOTC theris less variation in IEI
but more variation in event amplituddigure 4.4d), whereas, for each cell type in acute slices
GKSNBE Aa O2yaiRSNI o ffiGureB.RcNchaptér®.2y Ay L9L 2F aot

Based on these observation$,suggest that DMOTC, including those made from
genetically modified animalsjay be used to study long term effects of drugs, neurotrophins and
other biological agents on the properties of defined cell types of mouse spinal neurons, whereas,
studies of the modlation of synaptic connectivity by such agents may produce less meaningful

results.

4.4.2 Maturation of cultures over the 6-week period

The rollertube technique has been used to culture tissue derived from cerebellum,
hippocampus, hypothalamus, spinabrd, olfactory bulb, cerebral cortex, brain stem and
midbrain and has been shown to yield thin, organotypic cult¢@s, Kim et al. 20)1However,

DMOTC of ratgnal cord do not display this phenomen{Biggs et al., 2012)
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A characteristic feature of developing circuitry networks in all parts of the nervous system
is gontaneous activitfO'Donovan, 1999; Whelan et. aP000)and is manifested as recurrent
depolarizing events and oscillatory activity, during which cells within the network are
synchronously activatedt is mostly seen at the embryonal and early neonatal stages and quite
often disappears there afte(Garaschuk, Hanse et al. 1998einado 2001 In organotypic
cultures of spinal cord, oscillatory actwiis readily discernable as spontaneous, rhythmic
fluctuations in intracellular calcium concentrati@iu, Moran et al. 20Q@-abbro, Pastore et al.
2007). Such oscillations were seen in the early weeks of DMOTC of mouse spinal neurons. This
observation fits well with our current understanding that synchronous oscillatory activity may be
of importanceduring earlydevelopment, promoting neuronal maturation, activtiependent
synaptic wiring and network formatio(Feller, Wellis et al. 199&atz and Shatz 1996lanse,
Durand et al. 199Bregestovski and Spitzer 2Q0Bblowever, this activity ceas¢o be san more
mature animals to allow for orderly information process{Ryscheweyh and Sandkuhler 2005
As such, in older DMOTCs these oscillations were less fregndnwere absent in slices greater
than 35d old figure 4.4 d) Abatement of oscillatory activity is what might be expected if the

maturation processes in DMOTC resemble those seen in acute slices.

4.4.3 Changes in neuron number in culture

Two key developmental processes cell death and neurogenesisntegral to the
development of the nervous system and as such a delicate balance needs to exist between the

two processes. A common and important feature during embryonic development is programmed
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cell death, or apoptosi§Buss et al., 2006; CAWang and Oppenheim, 1978a; GWWang and
Oppenheim, 1978b)The large numbers of neurons produced in excess and ttiatedo not

make connections usually undergo natural cell de@haron 200). Another study on mouse
organotypicspinal cords found a 4 tofeld decrease in the number of GABAergic cells over the
first three weeks in cultur¢Avossa, Rosai8iri et al. 2008 Additionally,it has been deduced

that programmed cell death in the developing central nervous system could be as high as 50
60%, and that this process is preserved in evolution as it serves adaptive functions such as error
correction and cell regulatioBuss, Sun et al. 20p6Consistently this study shows a similar
proportion of cell death throughout early postnatal development of neurons maintained in
DMOTCf{gure 4.2e). It is of course possible that the redwstiin neuron numbers seen figure

4.2 e simply reflects progressive deterioration of the culture itself. If this were true, we should
expect to see a continual decrease in neuronal population. However, this was not the case as the
number of neurons stahized following week 2 in culturdigure 4.2€) in a similar fashion to
neurons in vivof{gure 4.2d), suggesting that the loss may be attributed to normal programmed
cell death during development. Overall, our finding that DMOTC experience a substantial
neuronal cell loss after the first week in vitro reflects other studies of developing embryos and

reflects what is already known regarding developmental apopt@iuzzi and Mattia 2005

4.4.1 Changes in astrocytic coverage in culture

Two main glial cells can be observed in the spinal caijodendrocytes, which

myelinate the neuronal processes in the QN8ble, FokSeang et al. 1984nd astrocytes
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responsible forseveral tropht functions(Lu, Yokoyama et al. 1991in developing central
nervous tissue, astrocytic growth is seen following neuronal development. In this study, an
increase and stabilization of astrocyte numbiggure 4.5b) is observed in the DMOTC,; a finding
consistent with activation of normal developmental processes in the cultures. A key observation
is thatearly glial cell appearance is confined to the ventral region of the cord and an even spread
of cells is seen across the dorsal and ventral regions aflitbe over time. This observation has
been reported byBreckenridge, Sommer et al. 1997u, Wu et al. 202, Avossa, Rosai8iri et

al. 2003. In interpreting these findings, is prudent to also acknowledge the fact that GFAP
expression is not exclusive to astrocytes, as it has been reported in somécsggam cell
populations(Doetsch, Caille et al. 19p@oetsch, Caille et al. 1999), as well as within a subset of

radial glia(Dupouey, Benjelloun et al. 1985

4.5 Conclusion

| havedeveloped and validatel a genetically engineered mouse organotypic culture in a defined,
serumfree medium for six weeks and have found that temporal changes in the numbers of
neurons and astrocytes are similar to those observed when neurons matwiga It hasalso
beenshown that the 7 electrophysiological phenotypes found in acute slices are also found in
DMOTC. Importantly, GABAergic phenotype identified by expressiGADBE/EGFP associates
with similar electrophysiological phenotypes in both acute slices and DMOTC. Taken together,

these results indicate that serwfnee defined medium organotypic cultures from genetically
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modified mouse spinal cord can be used to addrgshysiological and pathophysiological

processes in the dorsal horn, particularly those relating to neuropathic pain.

Table 4.1 Comparison of Electrophysiological Properties of Neurons in DMOTC cultures. Values

of rmp for all neuronal typs were not significantly different from each othert€bts). Spike
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widths in neurons from DMOTC tend to be wider, the only category that reached significance was

tonic cells (* = p<0.05;test).

Delay Delay Initial Phasic Regular  Single Tonic
irregular  tonic burst firing spiking
rmp bcn®o bLcHPM becwmM B becMPp bcndm bLpdhdn bL6l4p 9M
Yal 6c¢ Y+ mval H Y+ & nf coO mvQars)
(DMOTG (nf Mo (nf mpi(nl mc
Spike y®do p cdPn p 0PH B HPT B HPY B HPO B 0PN B
: sl ousal mTtsal HnsOl mys@l' Hps@Ol nos@l yo
width
(DMOTG¢

Figure. 4.1. a-g lllustrations of typical firing patterns of Delay Irregular, Delay Tonic, Tonic,

Regular Firing, Phasic, Initial Bursting and SingkenggiTransient) neurons DMOT®f mouse

spinal cord. Recordings are displayed on two different time scales.
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