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Abstract
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1 Chapter 1: | ntroducti on

1. The somatosensory system: organi z

sensory neur ons

The somatosensory system is a major sensory
processing information about the mechanical,
of the body. It enables the perception of t
and body position, playing a cruci al rol e in
i n t he mai ntenance of homeostasi s. Somat os
specialized peripheral sensory neurons and
(CNSyh,ere it is integrated and interpreted.
and properties of peripheral primary sensory
sensory signal detection and transmission.

Primary sensory nfeudemsnaurondeoffirisé somato
are responsible for detecting and transmitt:.
environment, from the periphery to the CNS.
uni pol ar neurons made chhp rieysi alecselwli tthaady t he d
and nodose gangli a, and a single process, t
soma and bifurcates within the ganglHeornr iicrkt,c
1909; Tand.r ulpor s1®l95rNoot ganglia (DRGs) cont a
the trunk, l i mbs, and visceral organs and
trigeminal ganglion houses sensory neurons i
and projeatinnsttenm.hd nbraddi ti on to DRGs neuron
is conveyed by neurons whose cell bodies resi
the nodose ganglion. Thet nodesmatgangl i pni ma
neurons asistoti ahedvwgus nerve and are pri ma

visceral, cardiovascul ar , and respiratory i
1



ne
j o

re

urons extends to innervate peripheral tar

i nts, and viscer al organs, wher e it ter |
sponsi ble for detecting mechanical, t her me
especialized peripheral terminal s, DRG ne
mat osensory- imadladditnges touch, pressur e, v
oprioception, -iamtdo neolce ccterpitciaoln acderert at e dT

ignal s ng atvleé m@eéroi pher al axon, through the

i ehtahe dorsal root (DR), enters the spinal
der neuron in the dorsal horn (DH) . Somat
igher brain centres and it wultimately reach
drpeption. Two major ascending pathways ¢
| ymendi al | emni scus pathway, which primari |\
ne topchssand, and the spinothalamic trac:

ansmission of pain, tEeBaoebaumret(Fiadndd, 4?2 0@ 2

atomically, D RChse airnet elrovceartteedb rianl f or ami na
d form a swelling in the dorsal root of ea
the cell bodies of tAhhesamndmbeof ofemsearywn
ries across spinal segment s, correlating
eci es. I n humans, estimates suggest that

ur ons, particularly in Ypoyndgoawmeul nambehesr d

ported in rodertus ohe.(iNm,grasihs )Ma0 0 Oot a, 19°
04; West .eNteualonal2Gbadnata within the DRGs
ver al |l ayers of satellite glial cell s (SC
ur bHanani , 2005; JesseSi m& | Mirrl yky ,SchOw@®dm)n ¢
urish the axons of primary sensory hneur ons
l'1's either form my@liameskreatakonar e wnd alcaid g
nducti on omyealeinmad tni pmgng emmwletdd opa nee tsemalad x on's

mak by Rdlbest son, 1957; Taveggia & Feltri,



Primary
somatosensory
cortex

Third-order
neuron

Primary
somatosensory
cortex { |

Ny

p |
Third-order = r
neuron

Second-order
neuron

Second-order
neuron

————=Dorsal column
nuclei
)f— Medulla oblongata ———— [ 4
T ———Decussation of |
; medial lemniscus R4
/ Dorsal columns
——————— Spinalcord —— Li s
First-order tract
neuron
- / L 2
(afferent) j \/—é—Anterolateral
’ , quadrant
First-order
. Nociceptors orkc neuron
z::oprloceptors thermoreceptors (afferent)
mechanoreceptors
(a) Dorsal column-medial lemniscal pathway (b) Spinothalamic tract

© 2011 Pearson Education, Inc.

FigunAscending sensory pathways.

The dor samediodlumhemni scal pat hway transmits fin
conscious proprioception from mechaonderce@mtfdres e
neurons enter the spinal cord and aos cseyrda pispesiilmt
dor sal column nucl ei of t-diedeneduée draomd |l deaguag aat &
as the medi al l emni scus and asocrednedr tnoe utrhoen st hparloagj m
primary somatogdnsoheg smirnamtthearloalnaitcer @l ) pat hway
temperature, and crude touch fromondercapfersnand
enter the spinal cord, travel briefly in Lissaue
order neurong tdhe aau & sheet es pw n all cord and ascend col

guadrant to thertdleal amws.onBhitrhden project to the
(BO)Pearson Education, 2011).



Di fferenti al expression of a broad range of

mol ecul es enables distinct sensory modalitie

by distinct popul ations of sensory newurcahs.

characteristics, such as conduction velocit)

i nnervation, are oddme msharemalwi $ hbh mop hleat i o

moda-spegi fic classes of (pbhawsaarny, sZ2h0o;r yPdéirelu,r

instance, small di ameter neurons are commonl
by unmyelinated (C) Gdgrl olwi gchotrfldybonairedgi miag he da  tAi
t hreshBaulrdgess & Perl , 1967, Dubin & Patapout
Lawson,.On002ar ot her hand, neurons with | arge
and mechanoreception, they are | ow threshol
with myelifhiadp e@andbn@abl e( Abdaira & Ginty, 20
|l ggo, 1967 ; Le Pichon & CheslerThe0ddye Mopme
new technologies as transcriptome and proteo
into additional subgroups based on mol ecul ar
Tabl®keSensory neur on icnl ahsusmafniscati on
Fibre Primary Receptor type Myelination Axon Conduction
type function diameter velocity
i (um) (m/s)
AU (| Proprioception Muscle spindles Heavily 13120 801 120
Ib) (muscle length, | (la), Golgi tendon myelinated
tension) organs (Ib)
Ab ( Fine touch, Cutaneous Myelinated 6112 351 75
vibration, mechanoreceptors
pressure (Meissner, Merkel,
Pacinian, Ruffini)
Al ( Fast (sharp) Free nerve Thinly 15 51 30
pain, cold endings myelinated
temperature, (nociceptors,
crude touch thermoreceptors)
C (V) Slow Free nerve Unmyelinated | 0.2i 1.5 0.5 2
(dull/burning) endings
pain, warmth, (nociceptors,
itch thermoreceptors,
pruriceptors)




1. 1Pdeuvdmi pol ari zati on and axonal

neur ons

The pswenuidpol ar nature of DRG neurons was fir
y Caj al , using t he si |l Fegulrielu egesadii wenl yme
summari zed the sequence of events |l eading t
devel opi ng DRRamenurynGaj al & Brzoeltag, hgpébEhe
been developed throughout the years and no\v
commonly accepted that in early stages -of de
shaped bipolar, with neuriteseemeahbAlidehgoyigrho n
sever al reports +dumidpoadbei thei pseddpi ves fr o
opposing bBawkalksr et al ., 2017; Ki ernana & B
di fferent hypothesis indicates that cell bod
this view, the soma elongates and constrict
processes to form the stem axon fr cenfFiwhuirceh t

1. 8Matsuda et al., 1996, 2000)

The onset -uonfi pposleardoz ati on varies between spe

concluded in | ate embryonic devel opment. I n
pseuwdmoi pol ar , whil e at E19 this péMaesuage ea
al ., .1906t)hough the <cellul ar a-ndi pnoll &rciud atri
unknown, some evidence suggests that other

SGCs, may contribytMudge, t Ai®€8prodasahashi &

I nterestingly, i n mice, undi fferentiated biopg
within their centr al synaptic target fields
signalling may c-ontpoba(tkamiberpe& udaoughn, 198
Al t honuoggth much is known about anat omi cal and
di stinct segments of t he DRG neurons axon, e



Figureirst drawings of BRG pnoeluarro rmoprspehuodoogy by Ra

Drawings by Ram-n y Cajal showing the initial gl
the parent cell body (A), and Dogielb6s pericellul
made of thin unmyelinated fi bremframamdn DYRGCajeallr

Azoul ay.,, 1955)



out in myelinated neurons, showed that di v
ultrastructur al features. The proxi mal segme
and enveloped by SGCs forming a multilayer e
t he cel(lZemkey & H° gNhi s19s7e6gjme nt host s a n
mitochondria and ribosomes and a higher den
reticulum when compared to the distal regi ol
and can be (n®ypeelnicneart eedt al ., 1973; TZenkeemé&a
bi furcation has fasciculated microtubul es ar
mitochohnmdri 49B®€9i des a notable difference in
branch being the thickest, di fferences in mi
been observed between the two branches. I n
signi ficamtltyhehipgehreirp hier al axon whereas the
neurofi ( &Emdnis et. a$i mi 11a9r8I5y), the degree of
neurofil aments seems to be increased in the
neurofil ament s, possipkyipbatal bdtfhgrenceesgnr
(Watson et al ., 1989)

A tight regul ation of transport mu st be est
sensory neurons and successively, at the bif
at the centr al branch and what i nstead,ali s
di fficulties, a small amount of data covers
that similar proteins are transported to bot
a differenti al di stribution of ioomefpaenptcirdea s
associated protein 2 (MAP2) and of an 2sofor
was observed (CRMP2), with both proteins be
branf&Khtano et al., 2006; PaMAPlzbOmendsoet habk
i nvestigated at the | evel of the stem axon
axonall cargo entry by coordinating the acti\
proxi mal (Segmwymeret .al ., 2017)
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MAP2 is commonly known to be enriched in t
hypothesis that at the molecular | evel , the
|l i ke feature. I n addition to cytoskelgtaf an
sensory transduction machinery to the peript

channels and receptors required for sti mul u

potential (TRP) channels, mechanosemrsspictiifviec P
receptors, must be efficiently transported a
its specialized terminals. The mechani sms er
receptors to peripheral axons, #&hibeahcmjtia

poorly under stood and ar-sepddikfeilcy dar groelsyor
regul ation, and | ocal trafficking cues. Th
approaches may have precluded t he aildeyntdiifsitcre
proteins, and ¢t he mol ecul ar mechani sms unde

axonal branches of DRG neurons remain an ope

1. 1T h2e-j dnction: a filter for i ncomi

DRG neuronsinppeblbdon morphology is fundament a
evidence showed that the sensory impulses a
DRG and the site of such blockage has been
knows- utncitDwnr eux et al., 1993; Dun, 1955; C
1990)Mul tiple factors contribute to these me:q
the distinctive nruonripphodlaarg yn eoufr opnsse.udliche bi furc
an i mpedance mismatch which | owers the,safet

thereby increasing the propabcibelyamnme0dpi k €

Luscher et al ., 19.94Ax cSruanldte leec tarli.c,al2 Oilmpeda
bot h geometric and bi ophysi cal par ameters,
resi stance and capacitance, axi al resi stance
axon is typically unmnyaalgihneatredhr ammmcchesheai f v
di ameter and electrical | oad. Quantitative U

9



hat the peripheral branch is substantially
eur ons, unmyelinated peripheral axtaros Oy dinc
i amet er, whereas the corresponding0Ocendmal
epresenting -faml dalrneodsuc ttivpadHda ,i n1 7 @G;meHehei s el
986 ; Lee et al ., 1986 ; Suh .A&tsiarmi. |, arl,9 8t4h o u
ronounced, reducmyerd i ifstbglkbswartvhedcent r al br a
pproxi maoe&l yhBAner than thei(tLeeretphalral T

t al ., The84) sudden transitions in axonal di

n i mpedance mijsummadtcihomt d$dweh Tt hat an action
eriphery mu st di stribute i ts depol arizing
lteci ca( Debadee, 2004; Goldstein & Rall, 197.
00.1)As a result, current may be insufficient
hreshold, |l eading to attenuation, delayed p

or samalitude or slowly rising aetiaoabncpoephnt

i Br@e mes et al ., 2013 ;FuSicrtdtoneatl layl,. ,t h2e0 b5 )f u
ct as a -dferpeegnudeenncty f i | t er , shaping the fidel
rom the periphery to the spinal cord and co
t the leve(FigflrelEXPRGI ment al |l vy, it has be
requency signals fail during thei{Cpasasager:
t al ., 1994 ; ashtdoxn ewinvloa d Cff & I@eautr 6 Ge mes et al
01.3)As mentioned above, several mor phol ogi ¢
Xxon, increase the probability of spike cond

X on, thus -pass biibegori o& Ober mayer , 1984; D
t al .., SpC5)fically, increasing the excitab
i nstance by enr itgcahneedn ts oidn uwoycthagerell & g rNamot

ropagation and tphaerse ff ¢ D& wion migb Ob el ondFyyer | al 9

10
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from Sundt et al ., 2015)
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di

i n

t h

i n

pr

ameter DRG neurons, excitability of t he
nsequence on spike propagation, because th
ol at es t(hAemicre |& Dbeovdoyr , 200 3; Du e.t Hdwev er0,1
the soma and proximal stem axon are el ect
ich is the case in snmdlul edi aarhet,er200RG rSaiwnr
ey can have signifi earsts ifrnflltwean mey.ioadnaert fetalcd
myelinated DRG neurons, i ncreased membr ane
t he somatic/ peri somati c resting me mbr an
nbturtie to filtering at the Dbifurcation (Du
23) . Becaduissemesem] | uny ednienaoad @ar e part
sceptible-dtepehdegtemroynwducti on failure, t h
tird ngat e that shapes pain signalling befor
is filtering 1is |l i kely subject to modul a
fl ammati on or nerve injury, where changes

epties may alter | mpedancaebemartacnhti nsge nasnodr yc o

(Wang et al., 2021; Waxman & Zamponi, 2014)

1.

N o
de

be

Physiol ogi cal rel evance of noci ce

ciception refers to the neur al processes
tected, transduced, and transmitted to ¢t}

haviour al responses. 't is important to di

terms are not synonymous. Whil e nociception

tr

S u

Wi

As

be

N o

me

ansmission of noxious stimuld.i by specializ
bjective perceptual experience that arises
th cognitive, emotional, and contextual f a
such, nociceptive activity can occur in t

experienced without o(nhlgme n& Throaxdieyeptddl@,.c

Xi ous stimul.ii ar e classically categori ze

chanical, and chemical. Ther mal nociceptio
12



Th

by
Cl

reatens tissue integrity, me-t hapbBbal dnpcee
tissue deformati on, and chemical noci cep

dogenous mediators released during tissue

i mul i ar e detected by specialized subset
ciceptors, which are equipped with distinc
nfer modality specificity.

om a functional perspective, nociception p
ganism to potentially damaging condition
oi dance behaviours. I n addi tion t o i mmed
glniang al so <conttreirbru taedsa pttd vlieopgercesses, suc
rmful engWreamed&t Sr.acTehye, f2i0dledl)i ty and regul

ansmission are therefore essenti al for m a
rviwarlos et al ., 2017;. Leknes & Bastian, 2
e essential role of nociception in acute p:

rare human conditions such as congenital
P are unable to perceive pain idteiseps ,t el eoa dhie
current injurieiNadagako asmmtd dlr.a,ct 20 EBEBh e S& h «
inical observations demonstrate that nocic
r survival by enabling rapid detection of
udi es of ClP have faframetri orevimatlkeddi dmhsal te clu
volved in nociceptor excitabilchanaalds sag
urotrophins signalling component s, select
aring other ¢€psgsoerey BUNnctPRPOO6; Habib et al

tthier et al ., 2012)

der nor mal physiol ogi cal circumstances. n
nsory endings andanadi-EA bpeliigled hloy dCpr i mary
ur ons. Foll owing peripheral transducti on,

ripheral axon, pass through the DRG, and e
13



DH, the central axonal branches of nociceptd.i
in laminae | &an#drektewdthgsdmeper iFntgdiri®g mi n.
(Todd,. 2Mrldm t here, nociceptiveordeor maturonsi
ascends t hrough dedi cat ed pat hways, such a
supraspinal centres involved in sensory disc

responses.

Under physiol ogical conditions, pri mary sen

transmit action potentials wuninterrupted froc

cord, where synaptic commeni aa@tuiromswiftilhsseoca
Subsequent processing of somatosensory infor
circuits within the spinal caereat aaldd aadldnt o DN &
peripheral sensory axons are thoughenterieage
the CNS, and the neuronal somata | ocated wi
| argely as passive conduits for signal tra
suggests that sensory neuron cell bodcas pos
influence neuronal excitability, particular
pai n. These observations position DRG neuror
for the devel opment of novel theraphelbbbtcat
sensory signalling.

1. 2Nolci ceptors and nociceptive sign

As mentioned in the previous sections, noci
neurons responsible for the detection and t
di stinguished from other sensory neuron subt
sdw conduction velocities and selective expr
confer sensitivity to (@EDulkinti &l Pat dpmagi ag,
199.2)Nociceptors represent a heterogeneous p
on axon di ameter, degree of myelinati on,

i nnervation, and mol ecul ar identity.
14



Ad nociceptors (I)

C/AS peptidergic fibres (I-Ilo)
C non-peptidergic fibres (I1)
Ad hair follicle afferents (lli-Il1)
AP hair follicle and tactile
afferents (lli-V)

Dorsal hornl

§

!

Figuséaminar termination of primary somatosensor’

dorsal horn.
Schematic representation of the spinal DH il l us

primary afferent fibre cV.alesoecsi cwiptthoirns Roerxog de clta nmal
I, while pampdifl ergisc t@r mi nahel pamiddaeipgmt derigi c
fibres project prbhmari Ifyltla cllaemiafd elrldgih.¥ sA wbke me aas
Abt actile afferents extiéendThetiondete pelhows ma ntarean -
spinal cgohrtdi nhgi gthhlei | ocati on of the DH (Adapted fr

15



From a functional perspective, nociceptors a
thinly myGfliibraatnedd uAM my£€i bn@medi cCept ors condu
potentials at intermediate velocities and ar
component of acutfei pree ncewhergeasolduct sl owl
responsible for the delayed, (@(Btufgess &nBepk

Dubin & Patapouti an, 2010, Lawson, 200 2; Sa

Wil lis & West IWintdh,i n1 9t9n7e)s e broad categories
di stinguished into polymodal nociceptor s, w |
stimuli, asmpdecmddeal intoyci ceptors that preferent
or chemi c.aAlt sntoil neucluil ar | evel, noci ceptors c

peptidergpepandengnc popul ations, based on t
such as calrcéetaned pemptei de ( CGRP) and subst
i solectin B{H°kdepectitval ., 1975; Lawson, 20

Stucky & Lewin, 1999)

The ability of nociceptors to detect diver si
specialised transduction channels and recept
of the TRP channel family play a pr omioment

Transient receptor potential wvanilloid 1 (TR

(Caterina ,etwhill.e t1r9®@wgi ent receptor potent.i
by a range of reactive chemical irritants an
heat se@MBauwtivstay .etl naladdi2t0iOo6n), transient rec

2 (TRPM2) and TRPM3 have beenewvhloavth n @c iccoenp

respofgdasms & McNaught on, 20161 wWrcemtsr eegtt ,alT
primarily associated with thea&l tdhreatuveechh | mor eo fr
i nvestigations suggest its(Dmald vetmeallt. ,i n2 Gv&a
et al . | 2-02t eRPianosi.étl tdladhgegh20A0)cul ar i dent i

medi ating nNnNoxi ous col d remair md lcangdi dvatl ¢ s,

glutamate receptor i 2ho,t rlopv e keasbmafl @0 R0 s(e )

16



cCods@nsitive

supported

by

transd

mechanosensititeandnPEbrabReks, a

udg €ras

a&rn e allMeceh2ahdtdda le xni oscti

2010)although ot her nociceptive mechanotr an
Addi tional recepsensingucbnasharcnal s (ASI Cs
detection of tissue acidosis ofte(nDewalocdtata
2010; LinguegliTahet®R)al . , 1997)
Tabl2Maj or nociceptor subtypes and their associ at
Nociceptor Fibre type Myelination Conduc_tlon Prlma_ry Key receptors / ion
subtype velocity modality channels
ngggémti'rs AdandC- | eTl?r']';'tye 4/ Intermediate| Noxious | TRPV1, TRPAL,
P fibres yelne / slow heat TRPM2, TRPM3
(heat) unmyelinated
. GRIK2 (proposed),
Thermal A G and C- Thlnly Intermediate| Noxious other unidentified
nociceptors| = gy eq | myelinated/ 17 oo cold cold-sensitive
(cold) unmyelinated channels
Chemical \Predominantly| ;v olinated|  Slow | S"eMIC | ppat TRPVL
nociceptors C-fibres irritants
Mechanical| A @ and C- Thlnly Intermediate NOX'OL!S Plezo_2, adq_|t|ona|
X ) myelinated / mechanical unidentified
nociceptors fibres . / slow o
unmyelinated stimuli | mechanotransducers
Acid- Predominantly Tissue ASICs (e.g. ASIC1
sensitive C-fibres Unmyelinated Slow acidosis ASIC3)
nociceptors
Activation of these transduction mechani
sufficient in amplitude, trigger action
initiated, nociceptive action potentiths
DRG and the CNS. This propagation is
properties of nociceptor axons, i ncludi

di stinctive grana&ys i ®fn
Nai,s angi,sNare highly enrtr
potenti al initiation,

al ., 2010;
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g
f

Nociceptive

enetic studffeasnnct asn

unction mutations

signal

r e s( uClotx

transmi ssi on i

| me §addwanes CInP,Nawdhfer ea s

ien padiH@a§ (2I0OOM6€e @ DA pha

s further

DRG. As discussed in the purnédwioduasr sneoctpihoon so,g
neurons imposes a unique biophysical constr |
i mpdance mismatch and ot her fdaecpteonrdse naanf ill & a
i ncoming(Péhgaahs, 2004 ; Go |l ds Sald halme& tf & &blr @,
nociceptors are particularly sujscrepttiidrnd,e g wc
only sufficiently strong or sustained periplt
cof@Gemes et al ., 2013; Hao. eltn atlhi,s 2wa&y3,; dxad1
and membrane excitability act together to r
from the periphery to the CNS.

I n addition to acute signal transmission, no
t o nerve damage ofr infl ammati on. Periphera
reversible actions of inflammatory meds ator s
driven by transcriptional remod g ICloisntg gfaml ledw
2009)I nfl ammatory mediators such as prostagl
fac{bGmodul ate the activity, expression, an
receptors at peri pherianldutceerdmitnraa nss,c rwlhpitli e nian
sustained alterations in ion c¢hamBmelbaexpredas s
2009 ;-H&Djijb et al ., 2010; Whebt€& &havages20l0odwye
thresholds and enhance firing frequency, i n
signals overcome axonal filtering mechani sms
i n nociceptor excitabiliitryectat cohee qpueernicpehser
transmission through the DRG and ultimately

18



1. 2S5p2i nal processing

Following entry into the spinal cord via the
within distinct | aminae of the-obDHer wheoveohée
| ocal i nt er rdé mrmenfst.d rPmaeldlomi nant |l 'y project t
[ and |Uf,i svvhendienlAy terminate in | aminae | an

of central processing(RexemdgcilOds@R2ti A® didhf 0
i ncoming sensory signals are subject to exte

transmission to higher brain centres.

Spi nal DH circuits integrate nocictelpt e vkolid
mechanoreceptors, propriospinal neurons, and
structures. Excitatory transmissionUadamiompri ma

3-hydr-omegt Miylsoxazol epropioni c ance tdiDyals AP At ea

( NMDA) receptors and by neuropeptides such

enhance pain(Baabhsammsetomal ., 2009; Ilyengar e
2000; Todldn pRa&annd)l el |, i nhibitory interneuron
a crucial role in |Ilimiting the spread and am

I n addition to relaying sensory DIHcfiorrcmiaittiso np |
a cruci al role in the generMNatcicrepofi veapingup |
polysynaptic networks of excitatory and i nh
processing to motor output through conhlket i
most extensively studied example is the noci
activation of peripheral noci cepftfoect ¢dilgigrab
a potentially d(aBrasghi anugm setti maull u,s. 20TM9 ;s Teddag,
occurs before conscious perception of pain
mechani sm that minimizes tissue injury. Il n n
activation-exf encsroorssredf | ex pat hways,of whtihceh

contral ater al l'imb to maintain posture and

reflexes can be generated entirely within s
19



modul ation by both |l ocal inhibitory mechanis
regi oHsi nri cher .etGAB8WAeygi2®@0a@nd glycinergic
particularly important role in regulating r ¢
Foll owi ng i nfl ammati on or peripheral ner v

neurotransmission andigméalahiceg eawcitabdadryo

responses, reflecting broaden Basbaasns ed afl .¢
Consequently, spinal reflex circuits represe
sensory processing, mot or control, and path
integrative role of the spinal cordg.in both
Beyond | ocal spinal circuits, nociceptive
modul atory systems originating in brainstem
(PAG) , rostroventr al medull a (RVM), and | oc
bot hbiitndhiny and facilitatory effects on spina
behaviour al stat e, c on(tFeixetl,d sa n d2 OpOr6i;o rH eei xnpreirci
Descending control thus provides a mechani sn
factors can dynamically regulate noclkicgept é ve
1.6).

| mportantl vy, nociceptive processing i s not
dependent plasticity. Repetitive or intense
efficacy in DH neurons through medhaniedms oxn
term potentiation (LTP), increased redqeptor
et al ., 2003; TWdosl ff,or2m0 1olf) pl asti city can be
stimuli and tissue injury and may persist be

increasing the gain of nociceptive <circuits
substracemet fadalr sensitization and contributes

pai n.
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Descending Pain Modulation Ascending Pain Pathway

projections from cortex
& limbic system

projections from
hypothalamus

spinomesencephalic

periaqueductal tract

gray

locus coeruleus
(noradrenergic)
raphe nuclei
(serotinergic)

"‘k spinoreticular

tract

various reticular /

formation nuclei

spinal

y
ganglion / ‘ |
pain and % Q)
temperature , X “
s ‘ p~— anterolateral system
convergence of pain afferents N

and descending modulation in spinothalamic tract
the dorsal horn

Fi guréeAscending and descending pat hways i nvol vec
modul ati on.

Schematic overview of nociceptive signal transmi ¢
via the anterolateral system (spinothalamic, spil.l
and descending pain modul atorgalpathwmgsc,oragdnal
regions (blue). Descending projections engage th
raphe nucl ei (serotonergic), which in turn modul
spinal DH. The conveogeneptb¥Yeabsopntdiagd descend

within the DH is highlighted (Adapted from Krebs,



To
I s
hi
no

dy

gether, these spinal and supraspinal me c h a
not merely relayed but actively filtered
gher brain centres. This multilayerepdt pr oc
ciceptive transmission to physiological de
sregulation in disease states.

2SWpraspinal processing of nocice
'l owing integration within the DH, nocicep
ntres through multiple ascending pathways
ain regions invol ved i n sensory diorcr i mi

sponses. Supraspinal nociceptive processin
rcuits that together generate the experien
e spinothalamic tract represents a major

ermosensory information. Projection neuron
at decussate and ascend to the thal amus,

rattr posterol ater al (VPL) , ventr al posterom
rsal nucl ei These neurons rel aysuwdlscabmi
i mulus | ocation, -itmt eprrdinmay yamdh dmadckalointdyar y
rtilesand S2). Activity within these cortic
d perceptual (Apkauniraasa ef phin 2005; Willis
parall el nociceptive signals ascend vi a
t hways, which are particularly important f
tonomic components of pain. The spoamoDH1t i cC
urons | ocated in deeper | aminae VI I and V
nvergent sensory, propriospinal and desce

ongside the sp
ereby engaging
coding ©precise

i nothal amic tract toor nraetaicohn ,t
t he ascend(iWigl Iriest,iRcAud i8adrn a cht
sensory features, this pat
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al
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i c

S e

i sed noci
ontribute

, 2009,

the retic

mi c nucl e

ceptive signal s, particularly
s to refl exiAhlea earn de ta ualo.n,o mi 9 &

Wi l.Llis & Westlund, 1997)

ular formati on, spinoreticular

i, as well as to hypothal amic

egpetliadmed activity to widespread wucgohr t i cé

connect.i

aut onomi c

av
j e
fr

h

.3)

iour al st
ctions en
ont al cor

cognitive

ons, the spinoreticmbarvaait dwa
di mensions of pai n, influenc
ate rather t h(ami eplrdesc,i SO GEMs®ONT
gage <cortical and | imbic regi
t ex, amygdal a, and hippocampu.

apprai sdlApkmemamy etamd .e x 2O

addition to its ascending rol e, t he spi

ce

pa

ow

nding mod
in contro

spinoret

ul atory systems. Reciprocal i n
I, including the nucleus raph

icular signalling to engage in

excitability, such as diffuse noxious i nh

ks

noci cept

ive input to branomitem wnatciuon

ogenous (a&Hredlngd <itheer et al ., 2009; .Le Bar s

spinoparabrachi al pat hway, originates [

ro

SO

m

a

i c

ns in the DH whose axons project to t

| ater al p
the PBN,
mygdal a,

eptive in

| a¢ Clminang et

e

ncoding t

ons, a key intedrCataiige dOmtsr, e
information is relayed to | im
hypot hal amus, and bed nucl eus
put to emotional processing,
dahe, spoh®parabrachial pathwa

he aversive and affective comp
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to threat, stress, and |(eBarsrbeads ma vedi daa n.c,e 2b0el

201.8)

Addi tional projections reach the midbrain vi
conveys nociceptive signals from DH projecti

mi dbrain structures such ag¢ Kelag Re BiaadglTehdey c 2

PAG integrates nociceptive input with contex
as a major control node for descending pain
the rostroventr al medull a and other btainst
i nhibitory or facilitatory influences on spi

regul ation of pain according to behaviour al

(Fields, 2006 ; Heinricher et al ., 20009)

As observed at subcortical l evel s, nocicep
di stributed across multipl Apkanttahno.aaWhiyl. esp
primary and secondary somatosensdoirsycra ani tniad d
features of nociception, including stimulus

contribute to complementary functionsor tThxe a

are critically involved in the affective an
prefrontal cortical regions support -ntackg niigt i v
related to ndd®d@iucsdmteilye eitnpdt. , 2013; Ra.i nvi l
Through their extensive reciprocal connecti
these <cortical areas integrate nociceptive
behavioural goals, ensuring that paiimtpgeearnadp
state.

1. 2TMMe Gate Control Theory of Pain

A foundational framework for understanding t
at spinal | evel i s the Gate Control Theory,

(Mel zack & .Wa&lhl,s 1hé®Dyy postul ates that noci
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transmitted from the periphery to-otrhéd glan aid
within the DH of the spinal cord. According
hi gher brain centres depends on the ilmiwer pl ¢
t hr esnheoclhdanor eceptive afferents which eventu

wi || not be transmitted from the spinal cord

Speci fically, -chicamefhddirboAer ngfagleasr gemhi bi tory in

t he DH, which suppress the transmiilsfsiiborne oof |
projection neurons. Converdiednyet esrt rnooncgi caecptti ovi
i nhibitory tone and facilitates nociceptive

a physiological explanation for eorrgfdapyaioms

itch through rubbing of the afffa¢ctved nateae @&

sensory progés®)ng (

Al t hough the original formul ation of gate co
cir-cevel insights, its core principles remai
work has identified specific inhibtittermrs, iar:
synaptic mechanisms that underl i e gating at
support t o Btrleez meadaell ., .2 0Mo4r;e olvoedrd,, d2e0slcOeln di n
pat hways from supraspinal centres can bias
further extending t he original framewor k t

influences on(faieh dper QOM®BGI;, omei M mitehreasctannt gd |y
work from our group suggested that in addit
gating mechanism exist at thRuletvedl of 20%Ek7p

202 3; Lal l et al . | 2025; . Li et al . | 202 4:; e X
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Figui78chematic representation of The Gate Control

Schematic illustration of the modul ati on o-f noci
thresithb6i dr As, nefciibcreepst,i vienhG@ bi t ory interneurons,
spinal dor sal h ob-fni. b r Aecst i eeralt d manentoefr nA ubohorayxt i vit
suppressing excitation of projection neurons an
wherefas b€e input promotes projection neuron firi:
control theory of pain
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1. 8hronic Pain

Chronic pain represents the | eading cause
estimated to affect approximately 20% of adu
various formsGahdbeege&i MoyGee, 2011;Whlidrei eacéu
pain is a cruci al protective mechanism for
resolution of the initial injury, it become:
pain which | asts | ohDreeeddant tdaver Ebbda@ s it
under stood as a mal adaptive disease state

prolonged senég¢bABIPhyee sapeotniscel ogy behind the di

and the pathophysiology is sometimes not ful
nervous system can | ead to neuropathic pain,
tissue injury canthhe ddevelcapmentbedfanidnftlhemma
mechani sms are usually intertwined. Patients
absence of a nociceptive stimulus (allodyni

stimulus that already provokes pain (hyperal

1. 3PRelri pheral and central sensitiza
Whil e hyperalgesia occurring at the site of
increased pain sensitivity in the surroundin
hyperal gesi a. Primary hyperalgesia isamainl:’
secondary hyperalgesia is caused by clemt.rlal
peripher al sensitization arises when tissue
and cellular changes that increasenshe excit
Signal s gener ated i n t he injured ti ssue t

nociceptors that modify the functi ongatnedd av .
ion channels. I nflammatory mediators rrevleease
fibres and i mmune cells can either directly

ofadenosi ne t(AIlRh obsrpahdaytkei ni n, and protons, or
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at enhance neuronal responsiveness. These
crease firing frequency, and may even indu
e afferent drive entering the CNS andg.pr o\
mol ecul ar l evel, many i nf |l a-;mma tceorugp | ene d i
ceptors (GPCRs)-messoaéehgatirsggsealklbindg casce

otein kinase A and protein kinxdan@el Bhssue

vwand yNas well as transducer proteins ir
olonged <channel opening and( Lraeedllea enh na c teitv
1.5)I n parallel, intracellul ar signalling
nveyed to the cell bodi es of -IDRG inrequ raomasn g |
ne expression. This transcriptional remod

tokines and chemokines receptors as well |
NG.F upregul a(tkeesn sTRIPIVELR et al ., .2010n7t; e rZéhsxatnigr
fl ammati on can induce a functional switct

rmal iInjocnompptfiivker ¢ 0 activate nociceptive ¢

ignalling. For exampl e, d afmasgreeruepg ut Aeesp e Na

dium channel , bradykinin B1 and TRPV1 rec

eatly contribtUedap. BOPBE)al gesi a

ntral sensitization typically manifests in
e | ASP defines central sensitization as th
urons in the CNS to their normallpr BShhib$ hs t
characterized by increased excitability
d enhanced responses to bot(hWomdxi, o WwBD e daril
peripheral sensitization, centr al sensit
t idweipteyndent mechani s-imastisngue¢l f act 4 ochge t o
pression and membranefegcetiamul atiyon Rlepads
ut amate and peptides release which results

is process, known as homosynaptic plastici
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of the DH neurons l eading to( lak etdeeampeotr aal . ,f
Sandkg¢hl er 2009; Wool fl n& cHmom@ason, hk9@rosyi
increases DH excitability for hours beyond t
to multiple conwWerldiemg eaf faelr.ent2s007 As Waolk ks &
previously subthreshold inputésrfecshimil BlpAcanpt
evoke suprat hr e(shorl dn gy s oMaseBeCImortitc al2l0y0,6 )t I
hyperal gesia, allodynia, and secondary hyper
Similarly to primary sensory neurons, DH neuvu
including alttrearmgli atni o mapomddjgéne aex@messi on.
hall mark of central sensitization involves t
by GABAergic and gl y(cMomoerregiect ianlt.e r n2e0ulr2o;n sT o d

200.8)As described by the Gate Control Theor

amount of nociceptive information transmitte
this regulatory gate. The amplified paxn inf
contributing to allodynia and hyperalgesi a.
pat hways can |l ead to similar effects, aff e

neur ons.

Beyond the spinal cord, persistent nocicepti
supraspi-mradc epsasiinng circuit s. Functional and
described in thalamic nuclei, brai nsetnesno rcyen-t
affective, and cogni(tApkea rdiame nesti oals. ,0f 2 (p0ag ;n
2015)At the cortical I evel, prolonged noci cef

and connectivity within the somatosensory <co

prefrontal cortex, reflecting changescen sed
cognitive app(laglkarli anf epgaial . , 2011; THMaisk©° f
supraspinal alterations contribute t o t he
perception, even in the absence of ongoing |
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chronic pain arises from maladaptive plastic

than from peripheral or spinal mechani s ms.
1. 3Ne2u-f ommune angl INauirmt eractions 1in
Chronic pain is not solely a neuronal -disor
cellular pathology whose development is sighn
The | ast t wo decades have -tdaelnko nlzd trvad eerd n ehwarnt
surrounding gl i al and i mmune cells-ldstiveg
sensiti(@raaddceo®net al ., 2014; Ji et al., 2016;
As mentioned in the previous <chapters, foll
neuropepge.igdes CGRP, sS)u b sATaPlhh@eno kPi n e sno n(oec.ygt. e

chemoattractlantMOPr atnai ndaasnsaogcei at e d mol ecul a
( DAMPtShat activate resident and (iBmafsiblaturma teitn ge
20009; Chi u .etCoanlc.o,mi2Caln2)l vy, i mmune cells rap
i njury and corresponding giamfgll ammatwhrey eme diey
as tumour nealrphsa -8()iTmiFcetrebre R L N i nt drelt aubk)il, . 11
NGF, hisamdnimresst agl andins. These compounds

| owering nociceptords activation threshol ds

NGFITrkA signalling upregul at es TRPV1 activi
traff(likungt al ., 2021,0;0rZhtahnegy eccamli.ni t2i0adtse i
that modul ate gene expression, thereby susta
peripher al CZ2mamng i ZRatAnolruR 0B &) mor e, these ¢
additional i mmune <cells from the <circulatio
Among i mmune <cell s, macrophages play a key

mai ntenance of chronic paincrbBbphbhgewsngagammhy
in number and shinfftl atmomwadrody @ hpmot ype -whil e
derived macrophages infiltrate the DRGs fro
communicate via a complhék Wwhdichédthipbrralene dma:

sensory neurons releasel clodlSSFnandt AmMel athiamg r k
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activate macrophageder iwhad ec ynmaack iorpehsa gfeeed b ac
satellite glia, amplifyingFibplhelexen tetbiadli.t,y
Peng et al Mac2Oopbpges are highly ©plastic c¢
i nfl ammatory -i(nfll)a mma-taems mintpng (M2) phenotyp
extracellular cues. This plasticity is a key
transaccadgti ve nociception or progresses t ow
| mportadtilkye, mMdxr ophages play an essenti al r
responses, clearirepeasirteglopwodgbmiegd, at or s,

tissue (€kheai rt al ., 2023; Xi aoye .etAsalsychz
successful rreelseoal surtei gooni vodf h @ mmaantdi arhe subsequen
to nor mal no<diecpeeptdisve rtianecal |l y on the presen

resolving macrophage popul ations.

At the | evel of the DRG, SGCs form a critica

neuron excitability. I nflammation and aberra
activation of SGCs, mar ked by increastedim®Xfg
(GFAP) , proliferation, phenotypic ¢$Wvtahaamnd
et al ., 2020; Dublin & Hanani, 2007 ; THan & mit t
i s caused umetigam coupling bet ween adjacent
increases electrical and chemicalCremknaani etat

2004; Hanani. eAs ad .r,es2wWllt0,) acti vity in one s
indirectly to ne-iegvhebno ume inrgo nnse utrroants wer-e not

thereby expanding pain sensiti(viit yetbeaylond 2t0hl

et al .., @nOel 99 f t he most critical ehreidvi eart  do f
signalling: depol arized nociceptors release
where it binds to purinergic receptors (P2X4
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Macrophages IL-6
TNF-a

Micr!oé‘tia:and
Astrocytes

Fi guBbleus onmune anedglNeurionteractions in chronic pa
Schematic representation of inflammatory and
at the DRG lamdt bbHi hDBGY sensory neurons rel ea

that activate SGCs and macmpo-phabaeasmmewtdbghior s
incl udi-lthigls TNRGFATRnWkeinblance neur omald excittad b

peripheral .sdAmrgdiitoinzptoitemti als prwhphagateecemd
order neurons release factors that activate
signalling, including t-cheer irved de arseu rooft rTplh i &n
promotes synaptic plasticity, mabuntteasi ntso cpeenrts
p ani
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(Cherkas et al ., 2004; Chessell et al .T,hi 300
triggers icmail c@Cakénsi ghat !l ing which downstream,
production and further ATP release, creating
excitability and suppOQitu petr salsIS@Gtep4pd pt
i nfl ammatory cytoki nels| 1bvwanidd®PL, i nsé muslietsi sTeNFn
neurons and amplify the i mmune response. I n
SGCs significantly promotes chronic pai n.

channels impaiy sbpbtassngmwhiKch eventually I

depol arization and ectopic tVitngtbgall ow2eDa

Beyond the ganglion, similar mechanisms unfc
pain centres, where microglia and astrocytes
pai n. Following intense or repetitiveynocic
activated and tfianddiatmman oirryt phanptegpe,- rel e
derived neurotrophic fac(lomoueBDNFTs wmchad, chC®ehX
Wat ki ns, 20009; TsuB®&NEt i @l kpowm® O Bgpe peemhdaemct e
excitatory transmission in primary afferent
in tHe&hkHh et al ., 2014 Speacufli cat | yl,. BDNGEGO 5o w
in DH neurons, t her eb)y hdmea auspttd snigs cahnd do rri elceu d
i nhi batmeahani sm t hastendriiti @daceacemtt r all . |, 201 4;
200.5)Astrocytes, i n contr as-tastsiunpgp oc b a nsgleosw e
increased GFAP expression, arnedg ugll auttiaomma t (eE A A Te
1) which impairs neurotransmitter clearance
prolongnenwr dH depoFalrnislkkai ot al ., 2016; Lu &
200.8)Similarly to the periphery, glial <ells
medi ated purinergic signalling. Activated n
astrocytic P2Y r etdmtnarl d,i ntgr irgd enrf 0 r @@l nkge dcae n t

et al., 2012; .Trang et al ., 2012)
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At suprasqiinrcdludsiintgeds he PAG, amygdal-a&,hraomd cme
pain is increasingl yl ewelogdii zerdd ears ian vwso/lsuviemy
neuroinflammati on, and mal adapti ve ooytaipd i ¢

activation within these regions hamodwrleaat wrhy

circuits, l eading to reduced descending inh
nociceptive(Chamsmitsailon 2025; | keda et al .,
al ., .2025)

Coll ectively mmumes ea ngle ineeluriont eracti ons demon
pain is sustained by communication between
multiple anatomical l evel s. Hoplwiearle r s i gan aflulritr
within the peripheral nerve itself, where Sc
axis that not only orchestrates axonal degel
nociceptor sensitization. Gi ven -malte opgxleang a ¢
inaetions to the work presented in this thes
peripheral cellular interface.

1. 3c3Ghwann cell s i n neuropathic pai
Schwann cells, traditionally viewed as passi

active modul ators of nociception and driver
saltatory conducti on, Schwann cell s directl
t mugh dynami c mol ecul ar communi cati on and
peri pheral nerve injury, Schwann cells wunder
downr egul at raosns oocfi amyeedl ignenes and wupregul atio

pr agmmé Ar tFhaurr a j et al ., 2012)

The s ame processes t hat enabl e regeneratio

modul ation of sensory signalling and the de
cells not only provide metabolic and struct
with seegsmoolys, macrophages, and other glial
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ciceptive milieu after injury. Mul tiple r
ntri bute to neuropathic pain have been ide
Il owing nerve damage. Activated Schwann ¢
cl udei,nglUNeFbd MCP which support the i mmune r

ciceptor s, contributi @robhéeéhet palsj sO0O0c¢
02,; Wagner & Myers, 1 9 9I6n, aZdhdaintgi oewke rable.k, o a
P, neuropeptides, and other signalling mo
shion on neighbouringf iprianamfyl lseemciomrg tnleeali
ields & Stevens, 2.0 0A0t; tWael tsza neet tailme,, 2n9o2l 3e)
e damaged axons can affect Schwann cel |l b

om mouse cutarddust atrrgied esmisnualr oundi ng Schw

periorbital mechani cal all odyni a. CGRP sigr
production and release whicfhiibmnenunaoncp acoetpst iovn
feddrward mébbabobgm et al ., 2022)

Recent work further reframes a subpopul ati on
that participate directly in touch, pressur e
type of Schwann cellfsi @ad@®md)ysotdleen heelslemlsanm ys |
the sensorganendln the Pacinian <corpuscles,
corpuscl e, and | anceol ate endings of hair 1
i mportant structural functioohnhhkbysancbamdihnggl
epi def(mhébkens§g, 1976, 1981; Zi mMmmeraenamt reats t alt.o
knowl edge, it was recently reported that i n
associated with specialized Schwanhkecalklt svor &
the subepider mal border with amiddear mipsr oxlewstst:
unmyelinated no(cAktckptdtvealhlee vEGBEO9 cepti ve Sch
i nherently mechanosensitive, act as sensory
initiation of pai n. The ablation of nocicep
retraction and mechani ca(lRiannnda tehte ranibol ¢ i hQPelri):
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nerves and nociceptive Schwamewurcell | cso mpolrenx aw

sengerceptor cell types, the glia and the ner
(Abdo et .al ., 2019)
1. 3Bid4di rect i etnaalk cbrecot swse e n Schwann

macrophages

The timing and type of interaction between |
orchestrating different steps following peri
Schwann cell d nfélaenamaaeé opyochemoki nesMCahd cyt
TNBand-6L Lwhich activate | ocal macrophages ar

the injudedsasnt& Mirsky, 2016 ;AcSti wlalt ed Mhalclr ¢
play a key role helping Schwann cells in the
which is an important step following damage.
released -LdaBeXABRukiisn a keycrepghada@ge or eorf uimame |
stages after inj-Brryedurches lmakr eaghadadd7i nf il tr:
and axon regeneratdild®d. pahheagstiisngdeyf,ecltl ve

nerves, possibly contrdgbue¢deag(ehtuwa ragp meotr. ea lc.h,al.

I n addition to canonical i mmune sigeakhideagt
pat hways that propagate inflammation beyond
ciliary mneurotr eéSpiTPAITic36 f axi 8r FEFCGNT&WIi ng peripl
Schwann cell s upregul at e CNdTeFp,e ndleint h sagtniaV
adjacent sensory-iadaoced FThigsal hjogyis conve)
neur onal soma, where it initiates transcript

of 6( Hu et al Schwedé®d)iceed signals HBhereofdurce i ®

within sensory neurons, which can act | ocal
t hrough subseggueanti nteeurraocnt i ons, contri bute tc
and thenamdentcef central sensitisation. I n th
the i mmune microenvironment at t he -bsaisteed of
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neuroinflammatory cascade |l inking -preogd e@hxirrad

circuits.

| f infl ammation i s not resolved over ti me, i
devel opment of chronic pain. One mé ammaimies m
interactions involves TRPA1l activatioeas®en Sc

TRPA1 activat ipiomflimducwhli €la]Jpromotes nicoti n:
phosphate oxi ddspenmndehMNOXplr)oducti on of reac
including hydr eQe.n Adseraxipembmedlbd e signallin
HO,ats in a paracrine manner to sustain macr
to engage TRPA1l channel i dpnetal¢maeleyntemioanciemp
excitability and pr omo(thDen gL ongeuc heatn i &tall waar2 ® g
TRPA1 signalling i s al so 4MPGE maltuecd di Paipmo
activatiyggpet pbeoEBtanmédeRgt EPIi n Sithwagmgrerrcelpl®
kinase me@dPHArd phosphorylation of TRPAl1l whi
anHOrel ease. These molecules actfibvaeeéi TRPAD,
feed forward | oop mechaaGNamswhicbt pabmpted 2
it has been recently shown ‘PpPheseSthwgnhupoel
mouse model of chronic constriction injury (
I (-IMHXC expression by Schwaramu mdd lialorsmiag ri amo ti ens
peri pheral nerve and subsequently exacerbate

(Hartlehnert et al., 2017)

Many factors released by macrophages are f u
after injury. Macrophages are known to shap
trajectory during the formation of the- nerv

Roblo signall (B ogpktuswa&y Ch®Tbeatorpeté)for mat.i

bridge is crucial to guide axon regeneratior
the function of Schwann cells through the v
signal l i n(gCaptattihnwaeyt VAEHEGFE i201&n i mportant neu
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promotes angiogenesi s -A fmendeiravtee db rsiidggneasl.| i \VWEDGF
and favours Schwann to cross nerve bridges

ultimately guidindiaguoc@e&httéegermeriant itchre2 (d a8 )er

of regeneration, it i S i mportant t hat Schw
phenotype. Macrophages are key modul ators o
factors such as Gas6, they promofteéel ehena&thy

cells which power(sSturpatrteomy ed ti Tnadteitohne2r0,1 8t) h e s ¢

il lTustrate t he dynami c and bidirectional i

macrophages following peripheral nerve 1inju
regulating inflammation, regenataticopai and t
I n the next sections, sever al of the themes

introduce the GABAergic system as a common s

types involved in nociception.

1. GABA as an inhibitory neurotranst

GABA was first ipd eordtuicfti eodf apsl asmmt bynet abol i sm
studies showed that in plant, GABA producti
drought, heat, (cSthled pared.lian flOSIRIOBABA was det e
first time in the human brain (Awapara et al
GABA was identified as an inhibitory neur c
(Bazemor e, 1957; FIl or.e yA & eMcaldeen nlaant,e r1 9K5r9n)j e v
provided evidence that GABA functions as a
mammal i an( Korrgien i | & Schwsitnhg, i h96axell ul ar
neocortical neur ons, they demonstrated that
pronounced membrane hyperpolarization accomg
and suppression of actionegeotmeendhani §mg iwegr.e

be Wependent and reversibhedi stugd eme ¢ ma@nias me
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Polarised blood

vessel
formation
= Schwann cell
&= Axon Schwann cells
& Fibroblast migraie alongitne
vasculature taking
@ Macrophage the axons to their
Neutrophil Hicaet
7 Endothelial cell
Hypoxic Tissue
nerve bridge Regeneration

Fi guleMacr op hmglesasedA VWEQFari zes bl ood vessel for
Schwann cells migration.

Schematic repr es & mtadatciroonp reclf @esbV'sE G-A pr omot es pol al
bl ood vessel formati on. The newliydafmermrmecdu e a stchualt
Schwann cel |l mi gration, contributing ddaptiscdme r ¢
Cattin et al ., 2015) .
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than-speri fic chemical suppr e(skri mjne wifi n& us comva
196.7)

1. 4GAIBA synt hesi s, rel ease and met a
I n neurons, GABA is synthetized primarily fr
enzymes glutamic acid decarboxylase (GAD). T

and named according to t heir di fferent mo
(Soghomoni an & M»ADGS51,anld 9BAD67 are produced
Gad&@nGadrlespectively, and despite sharing se
regulation differs substantially. GAD67 is d
and it is responsible for constitutive GABA
tme . I n contrast, GAD65 mainly Il ocalizes 1in
the membrane of synaptic -depentdest wBGABA swuapi
needed f or neu(rEostcrlaanpsenzi sesti oanl . | 1997; Kauf mar
1991; N. Tian GADGab c e dli9gs9m®l)ayed a decreased
sustained stimulation suggesting that t he n

deficient in the Tabasne necte adf. ,GALMON )

I n addition t o -dtehpee ndleand s ipcaalhw@AD an alterna
which involves the polyamine putrescine has
generated from ornithine via ornithine dec
deamiomatmedi at ed by di amine oxidase ( DAO) C
produgamignobutyral dehyde, which is then <con
dehydrogena(ki i AdcdtDH3!l ., 2015;. SEhil®rp &t ISwaa aa
to be particul areluy ornealle weaendtl si,n imoacnd udi ng astr
I n astrocyteeripedr &SaAB8Andas been shown to co

acting through extrapymaptito GABAI ate net wor

2014; Jo et al ., AcoHAWadveMubaenohsnked to in
alcoholism(Lnuhemamd . , 2011.; |ISmteerrveas teitngdly.,,
medi at escamomo wm a | GABA synthesis pathway 1in
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neurons which |l ack GAD enzymesr,elalalsewi@AgB At he
inhibit dopaminhkirgi et s.alglhtah 2id@lg)ex posure att
ceaeelease at concentrations similar to those

dopaminergic activity and contributing to ad

Foll owing synthesi s, GABA is packaged into
transporter (VGAT) ahiddepeheesedexbcyughi €ain
cl éChaudhry et al ., 1998; Ot s u kGaA BeAt raell .e,a s1le9 &
phasi c, generati ngs ymegptdi ci ndurbrigmtrsy (ploBSCs) ,
persi stleenvtell oiwvnhi biti on that controls networ
al so be r edesisceul arolny vi ABAheéer aals p(oGAaTELr)o fd uG |

strong depolarizatiofoWoretal akered200mpost asi s

Foll owi ng rel ease, GABAN & a GABéncgeapgteo r SABAanNnd
subsequently cleared primarily through reupt
neurons, GAT3 in astrocytes), enabling ter mi

vesi ¢ligslr@0). A major recyclingGABAI et amivioé \

pat hway: following its uptake into astrocyte
into glutamine, which is successively shutt]l
GABA.

1. 4GARBA receptors

The effect of GABA is primarily mediated by
GABA eceptors and t hegrmedamtodmro.pi Th éGAB At wo
di ffer in mol ecul ar structur e, signalling m
GABA to exert both ffast and sustained inhi|
Al t hough they ar e moisn |tyh & nionvmi Biotri ameofr medr
have also been identified in other cel |l ty
Astrodq\Bteesn)areggi et al., 2011; Fraser et al

2004; Procacc,i iemmmuanle. ,ce20d1s3)( T cell s, dendr i
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(Barragan et al., 2015; Bhandagea&dBammageamt

b-cel(lIKor ol et al , 2018)

GAT

VGA;\}E:)

\

3

GABA,

K+ crwgnnel Postsynaptic

Presynaptic Glia
Glutamate
GAD Metabolism

4
GABA-T

Figuné&verview of glutamate and GABA synthesis,

metabolism in astrocytes, glutamatergic neurons,p
I n GABAergic neurons, glutamine is converted to
GABA by GAD. GABA is then packaged into synaptic
synaptic cleft. Foll owi ng aaenlde aGsfeBeic EpBAr saex pce s ¢
the postsynaptic membrane. Successively, it is t:
is then recycled or metabolized through enzymat:i

202GABA via GAD enzymes. Adet emmentaatbiovleilzye,d GAYB AG AcBaAn |

(GABIA to succinate and fed into the Krebs
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1. 4 GABW eceptors

GABAreceptors are +4gah ettrh@pnince,| sl itghaantd bleoloopn g t

superfamily. Ppley ameei beteceptors assembl ed
s ubunU.g si3b (13D a, OEadh 6) . t he five subunits
extracedleoumamalN domai n, f Ghue | i tcreddd $(méInabnrda n @ n
intracellul ar |l oop between M3 and M4. The e
assemble to fboirngditnegiloingamdi l e the M2 transm
each sumwenitthel centr al pore andgetegeéei her cba

(Ol sen & SieglsABA, b20@3%8) at t he Uanfisubankt e
triggering conformational ¢ hFai ngguérsel (t phiagte | o p&e |

Steinmann, 2012)

The specific combination of subunits is tigh
bi ophysical properties as well as localizati
common synaptic confi@geuvbunodothsubmmnitses atnwo
wher d&aent aining receptors are preferentially
tonic iMnSiidogharotn & . SMad kj pr@03ubunits are e
neurons, Ushgmooi(Dg et al ., 2017; Ma et al .,

Obradovic et Vdhli.l,e 2sOylnba)ptciept GABA medi ate pha
extr asynapetpitcor s di splay high affinity for

persistent control (Bmrim&kldregyna Moxdyit &Will2i)t y

Functionallrye,ce ®ABA acti vattconduicntcarnecaes,es | eCl
me mbrane hyperpolarization or shunting inhib
intracetodomecant Cati on, which iLiccadaghhsporeegus
t he*KN-€1lcada ransporter 1 (NMHEG€Y)anasmpdbrtlkre R ( KC(
transpiomtanrcid out the nékPresseyrespacttiveloys3;
2021)In the majority of matucenCBBtnaturonsj s
( ~B0 mM) S0 t hat upon fGABA binsdideg,t h@l ce

hyperpol arization and inhibition of neuronal
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FigundStructur al o vigbroyG/AeBvAroefc etphteor .

Side VvieWwhopsubithreit assembly in complex with GAB?Z
architexsubenita is shown (B). Views from the syn:
(ECD) and transmembrane domain (TMD), respective
smal | mol-Bu(adagtCed from Kim et al., 2021
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NKCC1l activity which ccarucseenst rianttiroanc etld ubar hiC
depol arizing (eBeAect edbf.aGRBA2IOODI7I)y , in DRG ne
ani malconClent r atd4iOamsl nidsl t-h3W g hka cGAIBvAat i on i s dej
when applied to the <cell body, it |l eads to
conductance due to a combi neathiaonmedf ishawntiivral

further | mp(euanecte alr.o,p 2017;. Kaneko et al .,

GABAreceptors are also a major phar macol ogi
anxiety and epilepsy, and many compounds i |
di fferent from the(GABAeb. i nBeOBz§o) ddioarzae pni n e, b
neurosteroids and many anaesthetics are exa
modul ators which enhance channel ope(nQlinsge mp,r o
2018; Si eg.halrmp o r2t0a0m6t)l vy, subunit composition
examplesubbeit is tnkmgshsarfyf ifndrty benzodi azerg

wher eaGs ubhuenit confers sengBtihkietgettalneurl®9

& Korpi, 1995, SmiQrht heotstalri ¢ @H2) ators in
receptor recognUbtsiucbnungitt ei nater f ae e, and t hey
experimentally to probe receptor function. O
bicuculline whi cadr efclerpdtoiromgaosni GABANd antagor

1. 4 GAB&Yy eceptors

GABAreceptors wer e first described ph-ar mac
i nsensitive metabotropic receptors ddtiiyvaté&e
Bowery,. 1T9h8els)e ar e heterodi meric metabetropi
and GABWbuOlbees et al ., 1998,; HKaep@audu neitt a
contains the etimadelgl wWloarwa i byi, g awined ¢ ¢ e @G ABATr G
coupling and receptor dimer t(&bafvekirg tad .
Shen et al .Upo202GABA bimeicegt oIiGAB Apcrtoitveaitnes ,
predominantl| ywsebgaigi gt Ibat i nhi bit adenyl c

intracellular cyclin AMP (cAMP)sd elvenist. s | dii mpe
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medi ates inhibgiattieodt( @ ohhdnmeles andprRctéivat i
gated inwar di(yGlIrRKgt icthainmgellk which cause meml
and suppression (oBetnteluerroneatl d&li.r,i n004; Bett
200 2; L¢e¢scher dthraugh 1628k meelkapitoams, pGAB
sustainedastong form of i nhi biti osr e cPehpatronra c
agoni st baclofen has been used both experim
treat ment of spasticityYEanagaardaien @main Q@i

1984; Hudgson & Weight man, 197p;azlbi red atl . al

Penn et al ., 1989)

1. 4Fd8nctions of GABAergic signallin
As mentioned above, GABA is the principal in
brain, and it plays a key role in shaping ne

counterbalancing excitatory glutamatergic f

inhi bition balance preventing hyperekaitami | &

Nusser, 2005; | saacson & ScanzianiThi281lilnhiKib
control is highly dynamic, adapting to ongi¢
synaptic integration and plasticity.

Beyond its classical inhibitory role, GABA i
early development, i mmature neoncestdiasploayc
GABA to be excitatory. During these phases,

mi grati on, synaptogenesi s, axo-dapemdemtgati b

refinement and criti(cleell iptearii o&d sMaddeawr ealsap. me2r0t0 5

Depletion of GABAergic excitatory signalling
aberrant proliferation of cortical neurons a
procecArsonopoul os et al ., 1997, Brickley &
GABAergic signalling is therefore a critical
and functional organization of neuronal net w
mode is regulated by changeCs ciant i tome texamrsoy
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KCcC2, whi chi mtanaee IClul ar concentration to d

signalling also plays a pivot al rol ewhinch he
are defined devel opment al windows during wh
plasticity. I n a rodent model, pharmacol ogic

to a precocious opening of the visdaletbohio

t he GABMt hesi zing enzyme GADG65 del ayed It
appropriate | evels of i nhibition &grlevarn e gui rae
200.3)

I n the mature brain, GABAergic signalling or

extrasynaptic (tonic) me gdmach i SABeAcmeepdioatse d Phh
i nhibition is mediated by synaptic GABA r el
tonic GABAergic signalling provi-de$epeedi $ D¢
GABA t-ohat modul ates neuronal gB8rmcahdyné&t Wm

201 2; Farrant .& TNwuisss eGAB ARe0rOgi)c tone is defin

extracellul ar GABA which induces sustained
GABA receptors. Concentration of extracel l u
i ncluding spil |Isoivteers farso nweslyln agpst itche activity

GABA transporters, partMicueélalril yetGAFIL. and9 GAT

201.4)
GABAergic tone is a critical regulator of <co
me mor vy, |l earning, and perceptual di scriminat

plasticity by staliHleinzicthhg 2Y0&pt iMut diuk aumiatr & s

Takesi an & Hendaoh,hu2nmah3), magnetic resonanc
demonstrate t hat regional GABA l evel s cor
discriminati on, and executive functi on, and

mot or cortex using aatodaurteminsetamubbt idom,

excitabil tttey man dé &uhhasrntg Edden, 2012; Stagg, -
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Di sruption of GABAergic signalling is a cent
including autism spectrum disorder, schizopt
driven by altered GABA receptor expr aangdi on,
dysregul ated chl(orawies h& meashiamaotso, 2007; Ne

Rubenstein & Merzenich, PBh@8OBemTeseuthaes RAOE&TY

reveal reduced <cortical GABAergic interneur
i nter deurioored pr ¢Eaesbhwoee@l &n Harri son, 2006;
Beyond devel opment, injury and neuroinfl amm

GABA receptor functioA nhhé&ditadigr bptl aercxei Bat

chronic neur ol o(gdlcaarlk sdoyns feutn catli.on 2010;. Redec|l

1. 4GMBAergic inhibition in central

The function of the neurotransmitter GABA ha
cord where it plays a crucial role in modul at
brain centres. I n the super-fpiacitalcull amil iyae no
(substanti aGdB8Rartghosanterneurons form dense
both presynaptic and postsynaptic inhibition
arriving from peéefmfbgtderaiDlaff &eehhd®heough tah
mechani s ms, GABA contributes to the fine 1t

excessive excitation to reach the brain.

Spi nal GABAergic signalling is an important
Control Theory ©postul ated by Mel zack and W
transmission integrancecsci aogtiicveetafvfeeraemmdt niomp
i nhiidnDluan et al ., 201 4; Mel zack & Wal | | 1965

Upon peripherbfi mceyvapsenontAio GABAergic int
the |amina Il of the spinal cord. The activa
effect oRredgptGABA | ocated in primary affere

decreases the afferent input ont o (pProijceec teito ng
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20009; Witschi i ¢t GaAvBdA, Gs&BRA E)Ppt ors in DH neuro

reducing their excitability through membrane
(Bardoni et al ., 2013, Knabl et al ., 2008,; <z
As discussed above, postsynaptic inhibition

Within this circuitries, GABAergi c i nhibiti
descending pathways suppress spinal noci cept
téd RVM project directly to the DH, where the
i nhibit nocicepti v(eAiscihgenralest tarla n,s n?iBsastipoo nKa t o
coll eagues provided functionali revpidea@loempg or
recordings from | amina |1 neurons during RV
that RVM stimulation evoked inhibitory post s
medi ated by GABAergic and glycinergiaketdr an:
activity in the DH neurons were effectively
the RWKXMto et .alCompkeméhting these physiolog
and neurochemical tracing studies by Aicher

twbhirds of descending projections from the

GABAergic, as i ndsisciacdnre do foAGADGT eaxtpral ., 2012
| mportantly, loss of spinal GABAergic signal
underl ying central sensitization and <chroni
i nfl ammatory and neuropathic pain, spinal GA
GABA synthesis and rel ease, dysfunction of
receptor (sNogorad letmgal ., 2002; Schol z et al
Behaviour al and morphol ogi cal studies showe
bicuculline or picrotoxin intfiosedxpoebsbensi

neurons from the superfic(iCGrlonliaamientaealo.f, t2h0e0

al ., .1€8ertrophysiological r-evokddngPBRSCsBO0oMmrp
neurons in the Il amina |1 of the spinal cord,
to significantly increased responses. Il nter
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pronounced in spinal cord slices from mice
indicating that GABAergic signall(i Bhgb avaet ad
1999)Mi crelgéased compounds, such as BDNF, im
theeQuilibrium pote(QCoball oétDilBlyngwm2e@@&)ting
receptors on DH neuronsguBBNFohndtcKE€Cdownl t
Clintracellul afCawhhlceat.r adaomanezju®en) | v, GABAe
rendered |l ess inhibitory and malyCoeuvlieln eatc gauli.r,
Price et. alThjs200homebenhashs Cpromotes spont
activity and drives a functional sfsipfetci f nc I

neurons {Htdhseshiogld selectivity andi lae qurn ¢ ge mit

responding to bothsimfderébavaeampunexi ab ., 20
Consistent with a causal role for spinal di s
of GABAergic neur al progenitor <cells into t

significantly attenuates mechani cal neoldeddsyni
of nerve i njidwerry,vewi tGPABRAreafgti ¢ neurons funct.i
circuits and r edbhHri engp oenxsaegsg etrad Ed lii mu leatt i aln. ,
I nterestingly, in neuropathic mice as well a

excitation resulting fbbobmbepetepteadaltr ami mheé a

the superficial |l ayers which ndrBmalal yetomlly ,r
Schoffnegger. et al., 2008)
1. 4GABAergic signalling within prim

Al t hough GABAergic inhibition is classically

evidence show that GABA plays a key modul at

processing. Component ofi nchleu dG MBJA esrygn tch estyi szti
tramorters andr e ecceprneogsed in primary sensory
cells and i mmune <cell s, indicating that GAB
peripheral-t &(e@d setcrals.s, 2017 ; Hao et al ., 2 C
202 4; Magnaghi et al ., .2004; Procacci et al
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The presence of functional GABAergic mechani
in studies f1r9BmM st hweh ilch7 showed t hat GABA appl
neurons induced( Bloemealyar& zBt own, 1974; De Gr
Rasmi nsky, 1974,; .HC°lsdtieretwoalk. ,deln®o7n8s)t r at ed t
similar effects i 6VAumgavDRG abkFebdbbh2396nd1lRAS
observed that although GABA depol arized DRG
i ncreascenducGlance that reduced action potent
rel ease at cegrrterlalz t& rRaisnailfds&ye fA9Td)ngs we
establishing the role of (ABMmary tuhéerequl at
a depolarizing yet inhibitory mechanism that
afferent (Hecmimaal £t al ., 2010; Peng & Frank
1999; Takkala &evafl al hmeebani sms have been |

GAB-Mmedi at ed PAD suppresses synapt i-icndturceends m

i nactivatcbanmdl sNain primary afferents i mpa
potential, idognducctraeemcsee dprCdduces a shunting
amplitude of action potentials reaching the

channels rPré&édmddasx Gand t herefore(Pmécrotert ams mi

Rudomin & Schmidt, 199.9; Zeil hofer et al . | 2

I nterestingly, GABA can exert the opposite e
on GABAceptors | ocated at or near w8abdeg obhel
primary sensory n.eiurtoenr resaimdeaBABA akani |l i tates
potenti al propagation through the branch poi
mil d depol arization at the nodes which bring:
preventing spi ke failure aonfd semhlamgi nge etdho

mot oronéHaohnset. al ., 2022)

I n additi osmsttaobltihshevkeldf fect at the primary
from our group has demonstrated that GABAer ¢
cel |l bodies of primary ¢®usety aheyr @04 7bn His
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Lal |l et .alDRG 22@2%ns are equipped with the

for the synthesis, rel ease, and wuptakeg of

receptor subunits. Fundita memtaéed y DRGearlbyomd |
GABA and many subtypes camerddlad egde meABMA nv isan
sti mull dwui en al ., 2017; Lxal etGABIA. ,apd022hatic
reduces ther mal and mechanical all odynia in
that a | ocal GABAergic tone within the DRG c
i npobef ohey trkekacépinal cord. | nterressadmtgdrys \bi
bi cuculline i n napgve ani mal s i nduces noci f
presence of an early peripheFiadg drgeb(RDeu aett tahle.

201.7)

As expl aseicnteldoi.nm H@nTti on of DRG neouarsend iddtes
action potentials that travel from the peri
GABAergic conductances atj utnhcet icoenl If il adey i enrgh «
probabilifgilodrepi®emputati onal and experi me
GAB-Mmedi ated currents at the primary sensor )
i nhibitiopumctitome by | owering me mbr ane resi
inacti vatcihmghnN& s, thereby reducing action p«
spinall Duoed al ., 2017 ; Hao et laport2adc23y, Lal
downregul ation of GABAergic signalling withi
model s of chronic pain, suggesting that not
periphery dysregulation i ©hW&GRABAetr ga kT osgiegthaelr)
t hese findings indicate t hat GABAergic S
nociceptive transmission at mul tiple anator
terminal s, the -jswnmattiagn amfd prhiemalr y sleanysermred n

gating mechanisms along the primary afferent
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To spinothalamic

—‘I&tract

Descending
/
pathways

® Endogenous GABA \
A GABA-mimetic drugs

Fi gurneGABMaMmedi ated filtering of nocllceptive signal
Peripheral stimul-dependéni ggeresasetoiwi GRKBA from s

regions of primary sensory neuransceéept ohe ORBGL e G
noci cepetive neurons and by shunting inhibition,
Tjunction, causing action potential failure and r
effects can beaaclie¢evedrlpy of o GABA or GABA mi met
tone with reupt akeghtnihndi t bes ,DRIGI gas a function
transmission (adapted from Du et al ., 2017)
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Recent evidence highlights that GABAergic s
neur onal but it is also modulated by satell]i
demonstrated that SGCs release diazepasn bi nc
as a positive allosteric modul ataorre caempd oursc @
nearby sensdlLy mreurndDBIl 20243el ectively expr e

concentrated around mechanosensitiv-ep®8RKIGHine

i nhibitory function. Functionally, DBI relea
activity, l eading boeiatr edseedneiumintail t osroymat,
sensory neuron excitability and r edulcnesyinvooc i
knockdown of DBI in SGCs induced me4 hamied &Id

overexpression of ID8Bmmatl orewiandedndwrntdhpatnhii c |
critical role in peripheral pain motheluatbinon.
i nhibitory pat hway i n thendRGpciwheptei v2GCisn
GABAergic mechani smsilpefhdtse epereirplémdlr alt @pd&

202.4)

I n addi tion to DRG neuron somata and cent
transporters have been detected along the pe
|l ocally regul ate axonal excitability. Howeve
GABAer ggii gnalling remains controversial. Some

consistent wigichonidnucnn eaamsed pCloducing shunting

action potenti al propagat(i©ar loromeat odlr.a,nsind
al ., .20h5cxontrast, other reports suggest tha
by depol arizing peripheral axomxodaoenttroattilc
potentially facilitating ectopic firing or
(Bonal ume et al ., 2021Thelsaeengdievter @glent 20bd)
di fferences in receptor ~“~dhwbhteysdafasbkrpep e s s ianmnd,

infl ammatory state of the tissue.
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Finally, beyond neur ons and SGCs, emerging
signalling al so operates within ot her per i |
including Schwann <cells and i mmune <cell s. S
transponrdt eGASByAnahesi zing enzymes, and GABAerg
has been i mplicated in the regul ati on of r

regeneration (feddomwi ngt ialjury2014, 2019; Ma g

et al .., AlIOtlBgugh the direct cdatrvbdt iGAABAO
nociceptive processing remains incompletely
GABAergic signalling may indirectly influenc
axonal frnudnctthheonl cacal i nfl ammatory mil i eu.

I n parallel, GABA receptors are widely expre
macrophages, monocyt es, T cell s, and B cell
predominainnfllya ramattiory effects by | imiti,ng cy

and i minmineen se(hBhandaadge o& Barragan, 2021; Yi
et al .., 12n02mgcrophages, GABA signalling has
i nfl ammatory phenot yiprefsl eaammla tsourpyp r ceystso kpirnoe pr
| ymphocytes it modul ates proliferation, di f
direct evi dABAer oc mec hraemsisdnsnti nmabcRG phage
l imited, findingesfdemt ot mmunéi pspel ati ons s
as a broader i mmunomodul atory signal i n p
observations suppenrt phbealvi GABAdragi ¢ signal
neurons to include gli al and i mmune compone

shapes nociceptive input before it reaches ¢

1. Bims and Objectives

The neurotransmitter GABA pl ays a pivot al

signalling at multiple | evel of the nervous
peripheral sensory axons. Dysregul ation of G
chronic pain devel opment and maintenance, a
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ne
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As

hibitory gat es. | mportantl vy, t depehtfient s
tivati onr eocfe pGAMBA at di fferentsucchurasnaDRG
ur ons sjounad tai, o T, peripher al -acxaonn laenadd cteon tdri
t comes, ranging from inhibition of action

ansmission.

descri bed -pbooeionthies Tan i mportant che
ansmission of painful stimuli travelling f
a-phew filter for action potenti alj upnrcotpiaogna
mains experimentally difficuldt to access
cation within the DRG. As &) unrecstuilan -rtehgeu ln

pecially by | ocatr eGAaBiAre rpga ocr Isyi gunmad d ri sntgo o d .

addition, accumul atingeaeviodahceei hdi camnes
hwann cells and i mmune <cell s, actively con
d nociceptive modul ati on. However, tbe cel
chani sms by -gMhii@enhu nree uirnotner acti ons shape ir
nditions remain | argely unexplored.

e overall aim of this study i s -ttaol ke lwictihdi
urons -aeudr omoal cells of the peripheral son

S contribution to nociceptive proceshsiisng a

rk aims t o:

l.lnvestigate howpecxdmpart @&B®Aer gi ¢ signal
modul ates signal transmission in primary
through the employment of a c eDip acrotimeunrtea l
system that recapitulates the morphol ogi
neur ons and wil/l enabl e i nvesthirgateipamr o

signalling.
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.Determine whether Schwann cells are a ¢
i nvestigate how peripheral ner veralngtued
enzymes and transporters.

.Assess how GABAergic signalling dmapad rme

andn vinvani mal model s of chronic pain.
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2 Chapter 2:anMeaettdroidasl s

2. Microfluidic experiments

2. 1Anl mal s

Al'l animal work carried out at the Universit
Leeds Ani mal Wel fare Ethical Review Body ( A\
Of fice Licensaen dP 4pleA B2oNma7 | facnedn sien la7cic54 %4 e
regulations of the UK Animals (Scientific Pl
carried out on neonat al and adult Wistar ra

regul ated environment (23 N 21oArC-dlaifdghtdys%eh w

foacdhd water ad | ibitum.

2. 1DRG neuron isolati on

POP 3 rat pups were sacrificed following Scl
i soflurane and cervical dislocation. Spinal
to expose DRGs down the | eft and right eside

di ssected andcopldacHalnkisn Bacleanced Salt Sol ut.i
wer e firstly i ncubated; SMigra)codndgdnapasdq 1
Il nvitrogen) di ssolved in HBSS for 13 minut e
di ssocinat eedncabat ed -F omi mmntodsh,er af2t er whi ch

mechani cal di ssociation was <carried out. D
Neur obMasmeeldi um (Gi bco) modified with B27 (Gil
U/ ml penicillimml( SsStgmapt omyYdi MDg( Si gma) and p

at 800 rpm for 5 minutes at 4AC. After that,

modi fied MNeumediasma)| pell eted at 850 rpm fo
resuspended in 1 mkereftmedi cmunfTeadyawd spin
time for 5 minutes. They were t h5On Gle s udseppeenndd
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on the number of chambers wutilized (5 O, wh

seeded in each chamber).

2. 1D neuron isolation

POGP3 mice pups were sacrificed following Sche
then extracted. Laminectomy was then perform
and following the removal of the verteharlas,
cord was dissected from the spinal column, i
each half, t he most external stripe, which ¢
and placed in ice cold HBSS suppl emeasid e dwavs t
then incubated with collagenase (1mg/ ml) an:t
stripes were firstly washed with ice <cold
Ne ur o bAa scad | | medi um once. Af ter that, 5 rour
wercearried out with a fire polished glass pij
a 40 Om filter. A total volume of 3 ml was c
di ssolved in moAdi tekd Medir omaantl pel leest eadk a't
4AC. After resuspension in fresh cell medium
|l ast time for 5 minutes. The cells -Bwer@l ,re:
depending on the number of chambers utll i zec
neurons, were seeded in each chamber). After

suppl ement of 50ng/ ml of NGF to promoetMe DRG

Ar acC.

2. 1Cédl | culture i n microfluidic dev

DRG and DH neucxohsuwedé@dbmbar édi mi crofl uidic
microfluidics, TCNDl1pOGpmasbembdied by AO6Nn mMMmM
coverslips which were th®hbLysoatdCowini mg50i O
and 2@l Olgéaminin (Sigma) di ssolved in cell g

i ncubated overnight ( ON) , and it wafA washed
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medi um before cell seeding. DRG and DH neur

one of the | ater compartments of the -Adevi ce
medi um and placed in a huwmB@dAC)edNeuncabsat wer
properly attach to the coverslips for 1 hour

Neur obMasmddi um suppl ement edSiwinah) AroaCs | (om0 dbd

proliferation. The medium pl aced i n t he e
successivelmneurosn &axRGrs, was supplemented wi
axonal spreading, and it was replaced with n

in volume of 80 Ol was maintained between th

Experi ment ®dweue dba&rtmween DIV 7 and DIV 14.

2. 1Dy5e tracing

To trace DRG neuron axons, Di O (green) or Di
were dissolved in culture medium at 1: 200 d
compartment . The dyes were allowed to diff u:
bdies extending axons into a single compart

whereas neurons whose axons reachetdabet hi agm

2. 1ll.dmunocytochemistry

After carefully removing the c¢chambewasfhreodm t
twice withthi PB&S wintdh 2% paraformal dehyde (PFA
were then washed three times wiOtOh (aSisgaraut i0o. n
and successively permeabi-10& e@. Wit tfho rP BISO amidn
wer e t hen bal oscokleudt iwoint hof PBS and 5% of Goat
30 minutes. Af ter this step, sampl es were
antibody.)ATaM!| &t 4AC. The following day the
with PBS and they were then incubated with
(diluted 1:500/1:12000) for 1 hour. The sampl

with Vectashmedida meiutnh i DAPI on microscope co0\
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wer e acquired at conf ocal mi cr @9 o paénddL SM8 C

magni fication. Analysis was carried using th
Tab2®Pri mary and secondary antibodies for i mmunoc
Anti bod Product  Produood Dil uti Speci e
Compan )
bsubun Il nvitr PAH 1431 1: 200 Rabbit
GABA
recept
bsubun Synapt 224103 1: 500 Rabbit
GABA System
recept
bssubun Ther mo PA51152 1:500 Rabbit
GABA Scient
recept
2suUubun Protein 1414Q-AP 1: 200 Gui nea
GABA
recept
MAP 2 Abcam Ab5392 1:1000 Chicke
T uj Si gma T8578 1: 500 Mo us e
Secondaq
Anti bod
Al exa H TherHnosh A21429 1: 500 Rabbit
555
Al exa HTher mo A11039 1: 500 Chi cke
488
Al exa HTher mo A21236 1: 500 Mo us e
647

2. 1.Fl.Wlor escence agnuda nsttiaftiicsattiicosn

To quantify immunofl uorescenceRegweonss eod tima
( ROI s) were drawn along the twnigdalbghteareub
beginning at the bifurcation point and exte
peripher al andMeaaent i albaedcr® 0Balwediea nmeetaesrur e
within t hFeosre pRehusdboo | ari zati on analysi s, t he
MAP 2, and the nuumbiepo |loafr -pasreds drowletlil s ®was ass
statisti cdaalt aa nwaelryesipsl,otted with GraphPad Pri s

the mean N standard error of the mean (SEM).
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Kol mog®miorvn ov test, D' Agostino & P e aWislokn n (
normality test. T test for unpaired data wa:
foll owed by Bonferroni correction. For dat a

was carried -‘Whitt weyht Mann Significance was s
2. 1Ca&"i magi ng

Forati omé&tirnmiacgi Qa, DRG or DH cul teMr E 82r afeM e |

(Life Technol ogi es) in the-1p7Te¢S&Sngeapf dids D
extracellular solution (EC) cont ai N(ilngmMWa Cl
Cag(2 mM), (H®pensM) , and glucose (10 o , a

depol arizati on e-K{pseorliumeinotns, waas hpirgchpar ed by

concentrati owi ttho emjywi mdl] ar s umatgi hygt iwars afar X
using a Ni ken0OEc I mipcsreosTckcope (inverted) with
For <QRurianagi ng, cells were excited at 340 an
(cool LED), wéslmagfiorg, G@aMP TC filter was us:
at 488 nm wavel engtrhes clenn cheo tihmacgaesse swe rFeS uaoc q u
camer a0@turssi ng Ni kon sof t-viGaArBeA. (@MDp o TAM)s,( 1

Bicucul |OMhewe(r2e00applied selectively to eithe
compar ttment60 oevmdamdys,t o flui di ¢'respbasesnwe.]
monitored in DRG or DH neuron cell bodi es. E
DS3 isolated current stimulator (Digitimer)
Coiled Pt wires were conardtedbmer tbd DBSBOSsE
the periphery compartment. 5 Hz biOAhagiobupull

excited DRG neurons and a?‘rtesaponnsogfs 5 np uDH ense

To enable axonal i magi ng, DRG neurons were
C&'sensor GCaMP6s under the control of the C,.
WP RE. S)\M4@ g echiel)ut ed i n meddigemet @ o.plAefbt/ddl 1D da
was washed out and replaced with standard m

robustly expressed @amendayYyRBeheueoGE€aMP6s ir
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dye Dio was delivered to t-haeabekhagmesr ali s@pd ma|
pseuwdni pmbaphol ogy and powerrd zedl ebataendc haersd i |

carried out with a 40X objective.

2. 1.1MMmalge Amaadysisatistics

Background fluorescence was estimated as the
cefflee areas of each field and measured sefj
excitation <channel s. Backgr ourdyf rvaamieu efsr owre r te
correspoadwi iguorescence signals in each <che
Backgroarmrdect-2dr &#uras (340/380) were then ca
baseline by expressing cha§EP.r €Eetht sveet e ¢
as respowben the increase in the normalized
standard deviation of the baseline period. P

gF/FCr eached during drug application.

GCaMP6s imaging was analysed using th€ same
i maging. For signal acquisition, regiédnmnkeof
thicker brancH iaknd tthhennceerntbrnaalpohaobegseodaeg
at the bifurcation poi ntl5anrin. e xBtaecrkdyirmg nap (rlc
measured fr oefmm etehrReCel sc eplelr f i el dhyf wamestbbmac
fluorescence si egnoarlrse.ctBac ktgrraocuensd wer e nor mal
exrpessed CasCeFl/IFs were classified as responde
exceeded three times the standard deviation

were defined asCdirei mgaxdmwugn &p@Fl i cati on.

For statistical analysi s, data were plotted
as the mean N SEM. Sampl e distr i bSuniironno vw atse sé
D' Agostino & Pearson noM m&l intoy maé st yaeeds®ha,j
data was used for samples with nor mal di stri

For data not normally distributed,Widtcatxiont i
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Si gnteadsCo.mpari sons involving multiplewagyoups
ANOVA foll owed by Tukeyods post hoc multiple
whereaoanametric datasets wer eWahlhilysedstusio

by Dunnodés mul ti plSi gcnoinipiacrainscoen swatse sstet at p O

2. 1l.08di de i maging

HEK cettansbecte®@Lwiankd .BEXABRpt or s ufpwai ¢ sco

cultured with DRG axons within the periphe
rel easeQL EY&FPa mutated GFP which quenches i
l odidExt(rlacel |l ul ar soilnugtieomwa cfom@ g/ areaydy i mo |l a
substitution of tnhM) . NaTGheM vBOioh uNabn ( was prod
subtractimM timecreas® mMh KCbm(bBhe NaBM ftonte
112mMB) t ot amani na bal ance in the.i €ompouhdsat we
added tocarmteaiNmilng sol uti onlOnM);|0et riinsa)g;i ncga: p sG

(1L MsSi gmaXCl (50 mM) .

2. 1.18alge aambdystatistics

EYFRL fluorescence was analysed as changes |
ROl's were drawn around individQulal FHHEHK reslicle:
signals were normalized to baseline prior t
changesriesci€lapesai ci n (-K¢s®dM)u toironhi(geshd @mml KEH )
for 60I-depemdlent fluorescence quenching was

period. GABA (100 OM) was applied at the end

t o cnonffunnrcti onal exapresepitom sof OGBABA cel |l s t hai
application were included in the analysis.

For statistical analysis, data were plotted
as the mean N SEM. Sampl e di str i bSuntiironno vw atse se

D' Agostino & Pearson noWinlad i b g r m&lsimyp warnitde sdise
i nvol ving multiple gr owmns vAdNOe/ Aa f all Y soevd du diyn

6 4



hoc multiple comparisons test-phoametariametdnt
were analysed uWahigi ¢ heeXrusa&ahl owed by Dunni

testSignificance was set at p O 0.05.

2. 3chwann cell experiments

2. 2Prli mary Schwann cell culture
Primary Schwann cells were isol B8Pes6&prf agme sp
Dawley rats wusing an established dissociati

previously publlWesnh eedt nmaeNehoond®2t0dl7 ) r at pups we|
foll owing Schedule 1 protocol using overdos
Foll owing sterilisation with 75% ethanol, ar

di ssecting board and secunedsedhal allog sahe si

reflected Il aterally to expose the muscul at
stereomicroscope, the shoulder girdle and ve
expose the spinal cord. T hvee ds pion arle veeaarl d t vhees
ganglia and associated spinal nerves. Spinal
and i ntercost al nerves, wer e carefully i sol

extracting the attached nrealvesortahmioruag.h T hhies
all owed the collection of | ong nerve segment
DRGand any remaining connective tissue were
transferredl|l dntHBSBce Col | ecdwetd inretroves mavlelr e f
(approxinmatremyi M.l15ength) and transferred to
pr.dar med 0. 2EBWTtAr ygbsigmi ssue was incubated at
gentl e agitation at regular intervals. Enzynm
of fetal boviSiegnsaer,umf(tFeBS whi ch the tissue
pipette to kel i sualphseinwgelseu.l ti ng suspension v
a 100 Om cell strainer to remove undigested

106 g for .10hmi mettéds pell et was resuspended
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suppl emented withWplehdb ckBSi andtreptomycin. C
podlyystcoat(e&d genal)t ure di shes at high density
in a humidified incubRbteodfroraet alldi AC ommd S%I| €
added. To eliminate contaminating fibrobl ast
with DMEM/ F12 containing 10% FBS and AracC
treat ment , the medium was grewlt dacence dwiutmh c8aolb

DMEM/ F1lp2p lseument @2@WF B ,t hheregulin (10 ng/ mL) ,

penicillin/streptomycin (1%), to profet s Scl
were maintained in this medium and passaged
90% confluence. Schwann cells were routinely
experi ments, as <cells within this range ex

mor phol ogy and robustThoer ogurfietryatawveg ica@mtcii tty
cultures wdrédycommummeyt ochemical staining f

mar ker . S100

2. 2l.m@munohi stochemistry

1 moattd Wistar ratbBolwleowi sqac®d i éatnetidree 1s cpiraotti

ner vescalelreant eBrSi.ef l y, the skin over the hin
femur , and the underlying muscles were bl unt
The sciatic nerve was carefully isolated fr«
forceps. A~5emgmentt oédexer v etdrwaarssdf erred to PB

thewvmashed twice in PBSOAMAthef nweestleen wes PRPEA t v
with PBS and placed in PBS supp@Neméntead wit
sunkci atic inechvedevédsin Optimal cutti ngWR)emper
andt when pl-8060Ad @he embedded tibongi tReDdi h &l
Om sections ugiLredacnmd) cylyiosdasatw@0DA. sBefedeatt
slices were washed three times with PBS. Tl
consisting of 5% donkey/ goat serum;100.a0%% T

Signmdai)ssol ved in PBS for 2 hours. OWNatterdAt Wi ¢ |
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primary antibodies dilutddabhePBESE2phadl BOwigh
slices were washed 3 times with PBS and inctu
and BSA 1ffOomg/2nl hdbegy were then mounted and

mi croscope LSM800 using a 20X magni fication.

using softwar @rlemagas!| ¥. He&.cX.i bed in

2. 2We3st ern blotting

Adul t rat sciatic ner vass pameervei orua paiyndd dye sdtirhdeds
processed i mmedi at-@0AC.orTifsrswmze nwast homogeni
radi oi mmunoprecipitation assay -H®RIlI PAPH blu.f4)e,r
mM NacCl, -410% NP. 5% sodium deoxychol at e, and
suppl emented i mmediately before use with a
concentration ( Mer ck) and 1 mM ph@&ingianet hy
Homogenates wer e incubated on i ce wi t h i ni
centrifugation at 12000 rpm at 4 AC for 10
protein Taontaally spirso.t ein concentration was det e
assay (Sigma) according to, tdhed mamurf arcgad el &f
50g/ OlEqual amourted 0gjwepeotméixed with Laemml:
containing -d€L5(mM r8, 2% SDS, 10% glycero
and the r edmmédrnga patgoeentth an ol (5% v/v), heat ec
resol vedpbdlyy &OSyl ami de gel e-tastrpphypaesybam
( BiRad) . Electrophoresis was performed in run
mM gl ycine, afPd o0ellos S8re transferred onto
(PVDF) membiRamgs uBing -d&r y alpli @t tsiemg ;Biy@a d)m ( f
according to the manufacturerds instructions

rinsedbuhf&€ried saline prior to blocking.

Me mbr anes wer e -thd fofc&kreadd i malTirnes containi-ng 0.

fat dry milk for 1 h at ©Neotm 4 el ewiatthu rper ianmadr
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diluted

horseradi shc prejriogdtdeads esecondary

in bl oc

| mmunor eacti ve

usg@hemi Doc

king sol

bands

ut i

wer e

on.

vi sual

I magi RRgpdgy swiegn (iBiia i al

After

ant i

i sed

washing,
bodies f
using e

aut omat i c

manual i mage acquisition at increasing expos
signals were within theBdrndeiant elredietcitd o nwaea r:
densoimetry and normalised to the correspondir
Tab22Pri mary and seconfdarr yi mmun doloidstestveemeshr pl an
Anti bo¢ ProductiProdootd| Dil ut|{Dilut Speci
Compan I mmun| WB
VGAT Proteil 144-1-AP 1:50|1:50 Rabbi
GADG67 Proteiy| 104Q08P 1:50]1:50 Rabbi
GAT1 I nvitr PA5857 1:50|1:10 Rabbi
DBI FrontiiMSFR101] 1:10¢1:10 Rabbi
Il nstit
S1®mO0 Synapt 287 00 1:50 - Chi ck
Syster
GAPDH Proteil 600014 1: 20 Mo us e
Second ¢
Ant i boc(
Al exa | Ther mc A21429 1:50 Rabbi
555 Fi she
Al exa | Ther mc A11039 1:50 Chi ck
488 Fi she
Ansmbus (Cel | Si 7076 1: 10(¢( Mo us e
HRP
Antabb|Cel |l si 7074 1: 10(¢( Rabbi
HRP
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2.2 Western blandanntadtyisstsi cs

Western bl ot band intensities were quantifi
densitometry -wes &lf htoiwon Hii moges of each bl ot
convertedttagr8yscale to ensure consistent
necegsaimages were inverted so that dark pro
val ues. The background signal was estimated

vi sible bands and subtracted from each measu

each rbdcottangul ar ROl s of identical size were
across all |l anes. These ROls were positioned
to measure the integrated density (total pix
use the same ROI size and placement for cor
mai ntain consistency. Measured values were e

Background values were subtracted from each
i nt enseirtei ensorwnal i sed to their respect)fveml oa:«
the same | ane to account for wvariations in p

intensities were then expressed relative to

For statistical analysis, data were plotted
as the mean N SEM. Samples distri-Pmiti mnov waess

D' Agostino & Pearson nWrimh| nhoymakist y aanerse’ih ap

data was used for samples with nor mal di stri
For data not normally distributed, -SWhathnhevwyic
test. Significance was set at p O 0.05.

2. 2PRadr t i al sciatic nerve |igation (

Partial sciatic nerve ligation was performed in adult rats as originally described by Seltzer
and colleagues (Seltzer et al., 1990) to induce a model of peripheral neuropathic pain.
Animals were anaesthetised by induction with 3-4% isoflurane delivered in 100% oxygen,

followed by maintenance of anaesthesia with 1.5-2% isoflurane in oxygen for the duration
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of the surgical procedure. The skin over the lateral aspect of the thigh was incised, and
the underlying muscles were bluntly separated to expose the sciatic nerve at mid-thigh
level. Using fine forceps under visual magnification, approximately one-third to one-half
of the diameter of the sciatic nerve was tightly ligated with a fine non-absorbable suture
(typically 8-0 or 9-0 nylon), taking care to avoid complete transection or excessive
stretching of the nerve. The wound was then closed with sutures, and animals were
allowed to recover with appropriate postoperative monitoring. Sham-operated animals
underwent identical surgical exposure of the sciatic nerve without placement of the
ligature. This procedure reliably induces long-lasting mechanical allodynia and thermal

hypersensitivity in the ipsilateral hind limb while preserving partial nerve continuity.

2. Macrophage experi ments

2. 3Anli mal s

Studikisngs College LondomnnwéddiKe Hooned O¢ f € d eu 1
PCD4DEDACY9 and amRI4 @*x2GBdoMhal | icense | 75542942

the regulations of the UK Ani mallls dxSpcd reinmea rftis

38arri ed8loc2wéedodnd C57BL/ 6J male -apdséemakedimn
Mi ce were housed in a regulated envirtotBment

hodr gilar k cycl e wi tad floidlb utssuerdl wat gm oups of m

2. 3BMDMs primary cul ture

BMDMs were isolated and cul(tMarreédn ast. paBe v, e 21091
bone mawarotwnl ushed from femurs and tibias o
suspension was made from each mdurs e edy fsitlrtaa
Foll oowemtgr i fugat iedn sartees3u@gsOpegn,¢eici t anegd in 10
di shes f orDME Mduapypsl eimmrent ed wi th 10%omRBRIS;t i DO %
medi um as a sour ce of macrophage col ony
penicillin/streptompaoai dagt 737AAebhd W&wr €E0det a

70



DMEM supplemented with 1% FBS. Subsequently
classical pol arisation protSogmlas wirt PB&Si floer
GABA (Sigma), i soguvacine (Sigma) or PBS we

gPCR cell s wer & eplllast/ewde lalt dlexnlsOi t vy .

2. 3Re3ali meant iPtCaRt RFRCR)

Tot al RNAs were isolated wusing Invitrogen |
i nstr uBrtiieofnlsyy, samples were | ysed in a denatt
di srupt <cellular structures, foll owed by bir

were removed through a series of wash steps

(9]
c
—

ed geér eRNa vwWatnerent rati on and purity we |

(7]
©
(9]
(@]

trophotometetOd@ Nababrepoh)ND 500 ng of ea
reverse traasQuabeidt w¢ct Reverse TrREFFgPCRapti on
carried out using SYBR Green | Master Mix (

gené¥abl;® ag8n) in a LightCycler 480 (Roche)

2. 3. RS PCR dat aaadabkbysatsstics

Cycle threshold (Ct) values obtained from du
for each sampl e. Rel ative MRNA expression
comparat i®fe M@eét hadd. Briefly, the Ct wvalue ¢
normalized to the Ct val b-acoffiActtf)e tmo Dt lkae enp
value. Subgeéquweantuleys, from experimental sampl e
of the contrlodulgafdeu pv att mesa Rel ative gene e

determi PB'dndsef2pressed as fold change rel ati

For statistical analysi s, data were plotted
as the mean N SEM. Samples distri-Pmiti nov waess
D' Agostino & Pearson nWrimk|l noymalkessty aneseShap
data was used for samples with nor mal di stri

For data not normally distributed, -Whatnevyic
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t esCcompari sons involvi mul tipl ewagy coANOVAver

ng

foll owed by Tukeyds post hoc multiple compa

no-parametric datasets wer eWalnlail sy steeds tu sfi onlgl a vine

multiple comPpiagnisbinscanestwas set at p O 0.05
Tab?23Pri mers for qPCR
Gene sy Assay |/ Pri|Suppl Catal ogue n
Nos 2 Mm_Nos2 1 § Qiag QT0010027
I 16 Mm_1 1 6_1_S| Qiag QT0009887
1 1b Mm_ 11 1b_2_ {Qiag QT0104835
Tnf a TnfPCR FWD an| Merc SY1906 X®BHD
Mr c1 Mr cPICR FWD an| Mer c SY19060B3MYM {
Argl Ar PICR FWD an| Merc SY19060@B1BA:H"
bActin Actin PCR FWI Merc/H SY1903203®m®741
Gad1l Mm_Gad2 _ 1 _9 Qi ag QT0010141
Gad?2 Mm_Gadl 1 _S Qi ag QT0016352
Sl c6al Mm_Sl c6al2_] Qiag QT0016128
Sl c6al Mm_Sl c6al3_ ]| Qiag QT0015355
Gabr b3 Mm_Gabr b3 _ 1] Qiag QT00104314
Gabrd Mm_Gabrd_1_| Qi ag QT0015437
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2. 3Andi mal nsopdaerle dofnerve i njury (SNI)

Spared nerve injury was performBecosnt eni d e& aW
2000a)Briefly, mi ce wer e anesthetized first
|l soflan@aneye ointment was applied to prevent
was administered for analgesia, and the surg

and disinfected winahl |7 0% cetshamolwasA made t hr

thigh andrmwecktesepabated with a blunt incis
OQut of its three terminal branches, the per .
whereas the sural one was sparedurhealwoshnadj

and the animals were monitorednaadt. Podihaey

operative care included heat monitoring, ad
observation for two days foll owing surgery.
techniques and in compliance wi tAh itrmst iethdt iod
experi ment, ani mals wer-2 met hed iwnvdl vai ngc ho
pent obtaarlb f ol |l owed by exsanguinati on.

2. 3l.sboguvacine adimehiagyttoeastteibnng a n d

|l soguvacine (Sigma) or PBS were delivered da
duration of 7 daywWw.n Firéelyayv tabseresshsjneeantti ova,s per

Von Frey monof ill.@Omegnt swe(rOe. Oa0p2pl i ed t o the pl

paw and mechani cal threshol ds wer e measur e
compartments where they were | etachehaabovwual
experiment. The testing started with the 0.0

increased up to 1 g if t-lhiekeanienafedma dd®dt 06 8 0
g if there was a response from the stimul at e
and | eft hind paw alternately usifdi xbe &e
Chapman, Ba®BOhind paws were tested alternate

to the treatment groups to prevent bias.

73



2. 3. Behlavi attmalandlsytsaitsi satnidc s

Mechani cal withdrawal thresholds obtained fo
using the Dixon method, a statistical appr o.
elicit a withdrawal response in 50% of hsti mu
filament application determines whether the
force, and the final 50% withdrawal threshol

(Di xon & Chapman, 1980)

Values are presented as mean N SEM. Data d
Kol mog®miorvnov, BPéefag cssotni,noa Al | Bhapirmal ity te
behaviour al measur ements were <collected ove

statisti cwaals aprearlfyosrinsewla yu SAN@V A wWool | owed by G?2

comparisons test. Statistical significance w

2. 3FR160 io meg/t r y

Mi ce were deeply anesthetized by intraperitc
and perfused with ice cold PBS to remove ci
DRGs L 3, L4 and L5 and sciatic nervescallere r
HBSS (Gibco). Single cell suspensions wer e
using 3 mg/ ml Di spase (Roche), 0.125% col |l ac

(Sigmal)l2ime&ium (Gibco) for 30 minutes at 3
300g fildd minutes and resuspebdshP@WnBEA &ALCS2 bmi
PBSYo prevent antibodies nonspecific bindin
mouse CD16/ CD32 blockerBi(dl:edd@ddénd)n fFBALHSH heushif re
were stained with Live/ Dead Fixable Near | F
viability. Successively, conjugated antibodi
(Table 2.4) for 45 minutes amidnadaslyedceWwil ce v
wi t hc 8IBI dfiil uted in distilled wated (1:10). A
and samples were kept at 4AC for maxi mum 48
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2.

Sampl es

FI owJo

(BD CompBead3@@0CAR8BB®OHD09409)

3 .D@.t Ja

an

wer e

softwar e.

alysis

anal y-Bedt eass agf aoaw LSRRI ¢ met er

fluorescenoaem{ RMO)

macr ophages

F4/ BVOHCI/CB20.6 M2 ke

MHC4AD20 6 + .

Compensation

control s.

ma

and stati st

wa s

and

B4/ TO4.1 k1l macrophages

crophages

I CS

perfor med

events

Monocytes

wer d

wer

wer e

(B

i den

werel/Fadeaeatif.i

For statistical anal ysi s, data were plotted
software. Results are expressed as mean N S
assessed usi ng -Snhier nkoovl, moEBéeragoawsotni, n ca-lVd | Bhapst e
For mabobtm distributed dataset s, comparisons [
performed wusing an -tuenspta,i rfedl ISotwedde nb Yy s Banf er
mul tiple comparisons-nwhhemal & yprdd mrtirdtbhai.t edonrda
using tiwhi Mary test. Comparisons involving
analysed waynfgNOYA foll owed by Tukeybs post |
for parametric -datamewhecedatasaets werd anal
Wallis wedtby oDbioonds multi gobompaoimpamns sohspt e
bet ween groups were perforadtusitng aFi shama
defined as p O 0.05.

Tab?fAnti bodies for flow cytometry.

TargFluoropl Cl ong Suppl Catal ogue Di |l ut
CD11 Bv42l1l M1/ 7(0Bi oLed 101235 1:10

Fa/ ¢ APC B M8 Bi oLeg 123116 1:10

MHC | Per TR 5.|AF4 20| Bi oLeg 116416 1:10
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Targ Fluoropl Clondg Suppl Catal ogue Dil ut

CD20 PECy 7 C068C|{Bi oLecg 141720 1:10

3 Chapter 3: GomemxarftimenGGABAer gi c

of primary sensory neur ol

3. 1lntroducti on

3. 1Physiologically relevant in vitr

Primary sensory nenirpanlsarareelplsse,udoonsi sting
dor sal root, trigeminal and nodose ganglia :
peripheral and centr al branches. This archi
physi ol ogwncthenT formed at the bifurcation a
transmission and intracellul ar trafficking,
brancheeh as the | arger di amdtodrei csfelt ke Mparsie
Lee et al ., 1986 an8ufnet clathent 1®f84¥%pecific
(Papasozomenosiatlakncel89®bke pr opaegteicdrnf ian
mol ecul ar specialization. Consequentl vy, prot
selectively transported to the central br an

faithfully dpueispoivear pmemuphol ogy. St-sdgcnhi ¢ |

mec haniismssvohall ejngnatgi,oms dre microscale st
the gangli a. I n standard culture systems, DR
with noacleat i pal, and the soma and axons ar e
it impossible to selectively manipulate or s

the importance of devel opinngvmadrgoss olt @it c arali
correct architecture and enable |l ocalized 1in

transport.
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Several strategies have headrmpodsaagd nmoo pgdirddomgtye
instanceeguixéu® dwr eh NGF di splayed neurites t
somadeondr i ti ¢ nfabrek eKronMAR2k , e nellcpunld®9®)t h gl
i ncluding Schwann cell s auwndi pSocdCas( Camrt amaette da
2025; De Koni nck et al ., 1993; Mudge,Thl %84

suggests that DRG neuron morphology changes

role is crucial d u r-d innge ndse voenlaol p nceonlt!l.a gTehnr egee | s
proporti on-uroifpop saerudmeur ons, suggesticrud ttwuhat
environment can infRubeceo met phuwid iogmgy2 0dle2v)e | o

pseuwdmoi pol ari zation occurs after primary sens:t
the spinal cor d, hinting that DH (ERamrmers &n
Vaughn,. 1DRE@) neur-owml sctomebeen exploited i n ot

i nvestigate synaptic trané@®@hsbioao andahxpn2a

et al ., 2011; Vi kman et al ., 2001)

I n the more recent model developed by the Rog
and DH neur erud twereed don two i nter ecaommpeadttent ndl
Xona microf{VWydokodeewt clene ,DR® 1n%)ur ons, | ocat
compartment, extend their axons through mi
physically separating soma and axonall dwsanc

selective manipul ation and analysis of diffe
| ocal axonal phenomena, protein transppadrttr,o
Al though the study did not fwhkiush ome D&RGa miemua

-it represent s-relpivasnwdidegti «c adtliwydy t he transm

travelling from the periphery t o t he spin
compart ment al wmikosttr ooomly all ows the study of é
signalling but i s also cruecsipaelcifforc inrewe Dt ir
modul ation. I n particular, GABA receptors ar
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axonal compartments, and understanding theirtr

soma and axons can be selectively manipul ate

3. 1Ca2mp ar tSmpeercti fi ¢ GABAergic Regul at

GABA is a major inhibitory neurotransmitter
transmission through pre and postsynaptic i
neurons, as described HKwWetllzea cka t&e Wad dt, r dll9 6T5h
2011, Zeil hof.erReectenatl .worz0 1f2ryom our group he
beyond the spinal cord, demonstrating that (
within 1tShpecDRG cdglulnyk,t itome oFf primary sensory
| opva s s filter for aceiacn i paottieon | GKAIBA s @ gnéh ¢ it
conductancespirkgupraagagati on, thereby establ

mechani sm at the( Dwevetl alf. t h20 DR,G Hao et al

et al ., 2024)

GABAeceptor expression in DRG neurons is not
to both axonal branches. The physiological
explored in the central terminals that inner

modul ate signal tr anfHmichanamn etthradugh 2PAD ; Pe
Rudomin & Schmidt, 1999l nTabkalrase¢et ali ttl 201
receptors expressed in the peripheral axons

to conflicting conclusions.

Both GABA GhABeAcephoer been imbsterevepder iiwhera l a

they play d(iBHhiegietnkulr odtesal . , 199Beh®&8viowanr &I
functional studies indicate arteaxte pttloe afcft @ wtacs
conflicting and highly context dependent . I

activation of aperciepheoral h@ABMAeen nassceipati &c
effects. For exampl e, i ntr amlaagmtna rs t a dmauisrcii ¢

attenuatedndowcendl inoci cepti ve behavi oM) , at
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whereas higher concentrations (1 mM) enhanc
proposi ng -makatmahearcti vatsomeqtbi rGABATf or con
noci cept(iCvae It wlne et Malre, reTEN)t work demonstr
musci mol (1 mM) application evoked spontane
infl ammatory sensitizati®oaneptionpl actaitv atgi drh,at
U subucndntt ai ning receptor s, facilitate nocic
condi {Jang et .all.n 12i0nle7 ) wi-meérd itahtiesd, dERABA ar i
peripheral axons has been shown to enhance
unmyeli#iatbedsCv-dapblK@ikxtonal (I Barddlngme et al
I n contrast, other studies r epaprretc e pntharb istiogrnya
particularly in viscer adr eacfefpetroernst sr.e dAuccteidv actoil
excitability and attenuated visceromotor re
suggesting an endogenous inhibitory role for

pai(nGol d &AlLoezar , 2pPdpcdrmoe&a GolTb,ge2 @ 2p) t

—

ndings highlight the |l ack of consensus reg

_‘
D

ceptors and suggest that differences in af

homeostasis critically askhapptbheactuivameoaot

I n contr arsdce-@WABAat ed signally consistently
excitabil iitgoutpHhreadugnmec ani sms, Cachadnaelgs i amn
activation of i™cvwhaarndnleyl sr.e cStiinidyl eaorg pyKotros , G ApBA |
GABAreceptor activation reduces colonic af

responses to noxiou6Gobdtoé&kelcomdeard,i s2Ad2v4gicmo e .

& Gold, 2@22) nlkCowiiottho xtihni sV,c1. 1, a small disul
the venom of the marine cone snail Conus v
di ssociated human DRG neurons and inhigbits
receptor engagement, with enhanced efficacy

(Castro et &lonsi g0eé&em) with gtrleeceeeotbirsdiexgy,e s

peri pheral nerve endings in the cornea and g
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sensitization induced by inflammatory medi a

feedback mechanism that | i mit g Hueraicpkhertalalna

Al together these dat anainnd iGAd8tAre pgtharts beorteh eGADB
di fferent compartments of DRG neurons and t
nociceptive transmission. This suggests that
out comes based on the type bé peeeipser sube

|l ocalization (peripher;&lugw#®s.l1)central axon vs

3.2 m

Mai ntaining physiologiicnalwiatornopal y memiabl esatti
axonal transport amnilsl acatdt esgeatiahgfobudis
specific neurotransmitt &ABasmoedcuelpattoirosn.arlen dpiaf
expressed along somatic and axonal domai ns
i mpact cannot be resolved without selective
this asitmdyt(ao ) determine whether DRG neur ons:c
system preserve the key Imofrgaitod roggd cah aramat dru
vi vpos e udmoi pol ar gragqani (ziait)i onms e this pl atforr
GABAergic signalling operates in distinct ne
Vs. soGhABwi e€eceptor function and its impact on

synaptic transmission.
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GABA, receptor
Shunting inhibition on the T- -

junction
DRG GABA; receptor

Periphery

Spinal cord Inhibition/Excitation

Mediate pre-synaptic inhibition

through Primary Afferent

Depolarization (PAD)
Fi gBL1&ABAergic signalling across DRG neuron compé¢
Schematic illustration of the diaathdi WGpAtBeAD @ p tacirds f
across distinct compartments afepepmary asaee@sexkpr
centr al and peripheral axojnsnatsi avre,| lwhasr eatt hdier sa
Ctoef fl ux and depol arizati owl edweel st.o Thhieg hf uinrctt ri aocnea
compart ment dependent : aAdr ecceenpttroarl atcetrinviantailosn, nGeAdE
presynaptic inhibitionTjwheteas Bt phemectoena @mun
enhances spi ke filtering.arleceptoi plaenalvataixoms e
dependent excitatory or inhebéeteptyorsfeohnhsi st antc
neuronal e x ci tcaohluipllietdy sviigmaGi fag mechanisms in b

compartments.
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3. Resul ts

3. 3DRLG neur oais!l t wroe d wi t h DH ne.
compartmentalized microfluidic s
uni pol arity

To investigate GABAergic signalling across
empl oyedchamheried microfl uidic system that
recapitulate their n(avtyisvoek oavx centa IRR&r, o [RiWirlede)ts u n
seeded in the centr al compartment, whereas D
| at eral co(mpeatrhtomde nstesc ThencBafhbers were connec
mi crogrooves with a restricted height of 3 O
configuration enabl ed DRG neuron axons to
effectively mimickingitome odndathemisceanls oa+yg gmait:

DRGDHFi gu2le) .3.

To identify DRG neurons that extended axons
we employed two | ipophilic fluorescent trace
two | ateral compartments. Axons pr oj etchtei ng

respective dye which subsequently diffused r
enabling i den-tainfdi-pfpastiitoinv e fsdmad a. Neurons t he

bot h compartmentlsabwét ed,doalplpeari ng eynelel ow

mi croscopy, thus confirming the presence of
32B) .

Under standard cpditmary oseeudsodnisy ntsy,pi cal |y ex
neurites:; in contrast, when cul tured in micr

pseuwmi pol ar morphdbegys(aBem Vi ;Btgudar d. 2C

Not abtcw, tawuad e with DH neurons furtheuniimpael &ms

8 2



DRG neurons (70%), diendivedtif dpgprtdrhatte Dmhlor phol «

mat urati oRCY Figure 3.

I n viDPBG neuron stem axon splits into a peri
t he uinction. Diverse proteins, including MAPZ
transported between the two branches e@ehalch a
being the thicker one (~1 OmHopkei pbler &l Megsse
Lee et al ., 1986 ; TOGuhseesalbrand®B4pol ari zati
and ane@uamonal mla bl(K € rFu lgTau’pe) . MAP2 preferentia
along the stem axon aQudangridxicmdli olmr avracsh epse.r
extending approximately 20 Om from the bifur
MAP2 mean fluorescence was significantly hig
thinner branch (103.8 N 4.76 vs. -B6was Ne Be rl;
di stributed. Thudat we h adipconpgantesrieznaMAPh2e d br a
corresponds to the periphefiabr @hialne hs mdl It ére,
depl eted branch corresponds to the central (o
in the two branches of cultured DRG neurons
N 0.02 vs central branch 0.53ci i9e O{lHO peids @10
& Mense, 1986; Lee et al furlh&e; sSplpoet i alg. |

relevance of the mic2)f.l ui dic model (Figure

To deter mi ne whreitphelrarpisteywdlbad functi onal rel
infected with AAVY9 expressing GCaMPibsgwhi chh
junction 2K Fieg hoe 3ectidn DIV77) 1s 5Hz biph
applied to the axonal compartment robustly
bi furcations. ROl's drawn around the peripher

reveal ed?*tthansiCaht we(E/ Eonsistently and sig

~

centlr&le branch (peripher al 0. 883 N 0. 08; C
suggesting signal filter2G#Hp, aasthe bsfuepatt
i n iDwo et al . | 2014 ; Ge me s et al . | 20.13; K
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Together, these data showwirtat DBRGeneonsni ao
devices acquwini olpsrudor phol ogy with functi

reminisceinit wibveohel ogy.

8 4
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Fi gu32eMi crof-tul duced DRG neurons display physiol
activity.

Schemat
mi crof |
compart
Propor
cul tur
device
(36% v
e
i
a
t

—

DRG n
qguant
wher e
Di ame
( Ma Wi i t
****p<;0
el ectri

O »w " n v O

i c represlentmntuincorstanchihwyj of DRGI tammde DHi me
uidic device (A). Di l (red) and Dio (gre
ments. Neurons in yellow potkedompabtmbndg
i opel af mednippeluadlro DRG neurons in standar
VsS. MmDEr el iudiec ERGture-cahtdureehn mmrer
i ncreased t kuen pporloapro rDtR Go m eoufr opnsse ucdoomp ar e d
49%nwdqd2570mm=11)2,( G)=144mmuN=o3s t a icruil ntgu roefd n
rons tlargeteiemg TawndS AP Olng B30 Mean fl uor e
icationlsbHowsednbhatch@aaopge between the peri
MAP2 fluorescence is increased in the pe
r measurements r eaVeablreadn cthh aits tthhei cfgkearri pthhear
ney test, Tuj 1l p=0;. 0rO=BV/~03, MA R 2 ptaersrte, d <Oi. DHedtl
. 0 8ND3,)) (E) . Schematic representation of (
cal stimulation (1s, 5Hz) . |l magi ng was pe

near t he bi fRerpaeaetsiemn a( Fye traces of GCaMP6 F/ F
stimulation in the periphera(lG) BICadMP6amd FOemural

showed
compare

t hat the fluorescence peak was significa
d to the -wWbhntnay ovDestnaME¥pEHD .(0046
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3. 3 GABA depol arizes DRG neuron axon

of GABeAceptors

Having established t-bhatt DR& adapbnsunii ptoitarmra
mor phol ogy, we next investigatedreéebepdossrab
their processes. We afrcecclespadromutbhiei GABAnow
expressed in rat DRG n&us Gods o (Bwhieth dln.c,| ud®el
et al ., 1993; Ob.r aAfotverc ®ne aweek 2i0ri59ul tur e,
|l abell ed with antibodies targeting these su
di stinguish betwee(hnmetththeo dt vece clh iA@mc Hleosir 6 )subur
expressed in both the soma and al ond@A)t.he a
Quantification was performed in ROIlIs drawn
approximately 20 Om al of@r ealclh jfbeubgmBGABA Hrear
t hmee afnl uor escence intensity-lw&ke bhirgamherh iwh etnh &
to the-lc&et romle 3B)Fi gsugge&8sting that in proxi

GAB&XN ecepatrger € f erentaanapboyhteedper i pher al axon.

Given thartec@MBAors were distributed throughc
compar twee nnte x t examined the functional ef f ec
(Furg23C) The microfluidic system provides flu
enabling selective. cWemptohheadefappé ilcadcalony del
to the periphery codpaammest wewbéi meniCaor ed
somata wus-2ng m&d&gmaghod sectiTom i2dent7i)fy whi c
extendedt mkhenperi phery compartment, the day
selectively applied the lipophilic fluoresce
the correspondingaxehal bodiepwnll atGiA®dmd a subs.
neur ons, étiincfiltuixngatCat(Fré guPE) 30Bey.GABApPt or
antagoni st bicuculline (200 OM), significan:
reducti on; p<0.0001; N=3) satggepttiomg tmeat ap e

responses t o GAMA. (MWargauawienducEABAdepol ari z a
87



mar kedly reduced by TTX (1 OM) (33.8 N 6.1%
GABA stimulation at the axon |likely imatiate

(Fi guEe 3.3
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Fi gBB3&ABAreceptors are expressed and active along
U, 2,Usdndesubuni ts oAr etcheept@ABA red) were detected i

mi cr ofcluditduireed DRG neurons, @Soalgs Oy rANMAP RO( ¢r even

drawn at a di29tdann cfer oonf th® Dbifurcation in the |
fluorescence was used to distinguish between the
qguantification showed that alluboescenbeni hsttes

branch in comparison to-tebh#fp=c@.ndr Ppk0amWOnNEBApanrad
N=3 Mawhn t ne yh*tfedt. 090*5,=0.;004=31 N=B8¥3¢gB). Schemati

i magi Augp .s et i mul i ( GABA, bicuculline and TTX) wer
whil #actai vity was monitored -2n t mmmunefl ubbdseenas
subunlii smuynostaining is shown in red) w@Sc ad eet e c
bar =AmMJ0C) . ReprederspbneesCédmeasur ed2gkd FOOr md| DR&
neurons somata following axonal stimulation with
of bicuculline (2000M) (D) orqgFT7TP0)( Soy0 nGWB A( Es)t.i nfu
significantly reduced after the application of bi

n=3N=3; Paiersed (TTX ;* *nph3@B.)0.09 7
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3.350ma but not axonal GABA applica
responses to electrical stimul at

Previous work from our group demonstrated th
pain transmission( Dihretugal t,he2@®@ah,glHao et al
Activati on of o rseoamapti cr sGABRAOmea as e an Cé whi ch
membr ane resistance and produces shunting i

GAB-Anduced depolarizatéchbhanmalns-jatactheoeadte aANla.

2017; Hao et al ., 2 0 2T30;g elt dlelr , ett habe, m2@a2an
|l i keli hood that action potentials generated
by enhafhaoainegi ®dn filtering. Based on these fi
this mechanism opesgsésminl  mupamtoidel!l ar , we

compare the effects of goemaéprtowvwsactievapihenm:
whet her compact meaot GABA signalling different

propagation.

Using our microfluidic setup, we applied GAE
or axonal compard madtedofmichefFwia2c culture,
C&*'responses to peripheral el ectr4Acmét lsdd mu |

sectionl n2.baot7h compari nchemieldd GaABmwat i ¢ whdmxdl ar
was detected 2dsnfd uxmelrlec@ali ng t he welveat r iomd
somati c GABA appl i c?drtei sopno nrseed uecveodk et ch eb y@dpeéd r i p |
stimulation (19 N 8% ;Fé dquwdeB) .BnAx prxdl. 0GARA A
had no effect on the propagation of the peri
peripheral a»xacregplt o6ASBAI0o not -jrnuondcutliaotnea Is ofmalttiect

34C) .

To further charactejrinrzet iaoent,i vive y e fa'isreetstseerd T |
GCaMP6s in neutoassdiuaatsAhpWO9e vi ously descri bed

axonaili nteagiwndfh uorescenciemR@bsi doawd from the

91



poiantd extaempdrionxgi mately 20 Om al oBirga realcehs dvaeurg
di stinguished based on their diameter, -with
|l i ke and the thin#heKkEbgaebph 3IRauendtdpmti mal- GCa MF
positive neurons were selected and tested fo
(Fi gB4E)We f ound that peripheral electrical st
responses in both the peripheral (29.8 N 6.
branches (34.9 N 8.7 % reductiappl pe@. dDob60tlhe
but not to the axonaldE-FQ&)ompNottanbelnyt, (tFh eg urreed u3
in the peripheral br amede ptugrge sit sc d thead iGrA BtAT
near - becfli on, contribute t-joundtiisone frifesxitde sBe
soma compartment, receptors | ocated in this

delivered to the DRG yc o0 mphaersteme rets.u | Gagsle Isangotiwio & en

activation at distinct neurdowladt ecso nepiagnt are nttrse
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Fi gBd8omatic but not axonal GABAergic signalling
Schematic of the experi ment. El ectrical stimuldi (
compart mentti whgil mg Cmas performed in the neuronal

from DRG neurons cé&ftrleslpodyseshawi pmerCaher al el ect
and after the application of GABA (1000M) to t

statistical anal ysi s di splaying a significant r
applicationst Fwi eld mBorctoésp amdu Istoinpltees;t ,n =223y p&B) 00
Traces sh2drwisnpgonGaes to electrical stimulation bef
axonal compartment . Quantification shows that a X
C&'response to electrical stimulation (Friedman
p=0.626,; pn=06286BC) Schematic of GCaMP6 imaging af
stimulation (1s, 5Hz) . |l maging performed in the
bi fatrido) . Representative images showing GCaMP6
responses to peripheral el ectrical stimulation b

(left) amnmd gaxrpraa l{ ®ematl e ObngdrE920 Representative trac
quantificati on show that GABA delivery to t he

response i n both t he peripher al and centr al br
comparison test, Perd0p.h2e6 7a;l Cent*rpa0Q;.0060@ERO) Opl(, F)p
Representative traces and statistical guanti fi c:

compartment does not significantly decrease GCaM
response is slightly decreas¢d bhewtbbdiogn(Falieldm
Dunnés multiple comparison test, Per;i pnhke&r20)G) p=0. 1
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3.3850ma but not axonal GABA appl i
decreases signal transmission to

The micro€lluidie €pwystem enabled to reconstr
bet ween -ahd thesossedeondeuvodyoDIl V1O, DRG neu
had crossed multiple microgrooves and reach
established synaptic contact s wi t h DH neur
(Vysokov et we .o0,bs2e0rlv9e)d t hat 5s, 5Hz el ectric
peri phesradl iaxlny ?®leispiomsdsCan a subset of DEF
that functional synaptic contacts had been e

(Fi gbA;emeBhod section 2.1.7)

We therefore set out to investigate-thhtHw GAB

transmission. Using the same experimental a |
C&respomsegeripheral electrimaDHshéemudms i Wi
2 |live Comagiicsntgent with the reduction in DRG
somati c GABA application, we found t hat G.

compartment significaavdkednt€epamd ed isn i idl
(35.4 N 4£t9%nre@¢w0;.FOiOgoulr;e N8=35B) , indicati ng
decrease-tibH BRG@aptic tmaosmisasbn. when GABA
to the DRG axonal compartsmentget @aot esd ginmn f DE a |
respesfp=e0. 09 gNuu=b@&) .3. These findings support t
GABAreceptors | ocated -jaunctthens orha DRGd nBur o

junctional filtering which downstream, shape
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Fi gwBbe Somat nott aaxgeet ed GABA applica-t @DHn smagduwll at
transmission in-cmildc¢uoflsui dic co
Schematic represeanpatfiAdn &KReptbeemstedati ve Ca2+ tr,

showing that GABA application to the DRG somatic
responses evoked in DH neurons ( Fr i edsmann tteesstt,
*E 0. 0ODBEB,) (B). In contrast, GABA application
not alter DH calcium responses (Friedman test W |
p=0.;54mMaN2=3; C) .
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3. 3DRRG neaxons release GABA upon st

DRG neur ormbostohmarted ease and respond to GABA. F
has shown that somati c GABA relecedepemadentr s
mechani s$imep et alln 2d28}Yi on, Hanack and col
GABA can bdbyr epleeraspeher al nociceptive endings
an acdewendent manner, although it (Wasacat et

al ., .25k we aimed to elucidate whether sim

To monitor axonal GABA r elodHaEske2,9 3wer eppoea-d elri w
transfected awietche ptthoer UZMAuBbludati @ get her ~sweintshi ttihvee
EYFP derivative HIM8YQ/ |1 a52et h&¥FRvhich has
corroboratef¢Hahayg eural abp 2023; Li et( melt . hod20
section Zoll®WwWing transfectioncgulrtewroaed ewi tHEI
axonal compartment of theo6A)i.crTond ufidlilcowlienwg c
QL live imaging w®4d péufoormeedncEYdRrrdiemg;e st
in the presence of thhacM ievxattri agcneel ol fupeGrépBrabla & e d
by HEKlIa®apenspe&rlmeabl e chanwmehtl uxl aoditmgsul t

quenchi ng-Qbffl uEoYrFePs cen &) ( Fi gur e 3.

EYFRL fluorescence was monitoredulithumH&dK wietplo
neuron axons or monocultured in a standard d
each experiment, GABA (1000M) was applied as
as a strong -Qr op!l umr HeYdFePhser vapd!l it hatti on of

extracellul ar KCI to the axonal compartment,
i nduced roQlusqude&andiPi ng i n HEKWKIrteapcaeerdt evi t e IDIRC
axonswhereas mini mal changes, |l i kely due to |

HEK ceFOsc@gédture 0.04 N 0.002 vs. monocul tur

Bicuculline application to the peri-phhekgdcor

EYF®L quench-tobtunedoreporter cell s-cul0.tm2%:;N
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N=4), confirming depolarization induces GABA
36C)Similar resul tfolwemwe ngbtcaipsead cin stimul a
act ideipteyndent axonal GABAltelrea®e OBFNFO: 00@

0.01 N 0.002 vs. bicuculli;Fég@6m1.3N 0. 0008;
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the HEK reporter acéhina dfBirdd ingghQl@®AdENeFnPc hes it s flu

(B) . Representati veltfdawueos esltewicreg gbemR hi ng i n
monoculture-c(ubtack) witbh DRG axons in absence (1
bicuculline. T hief itcraatcieo na nsdh ogw atnhta t upon kU trea

fluorescence is significantduyl gueerdheadt Wh®RGt mhe u
indicating GABA rel ease.ttlema adfefdedtn imo noicdud i fuie ga |
when bicucull i newaiys Aamddiead WiQ@rhe Dunnett 0s mul ti
**x*pnp<0. 08000, n N8&=23,) rA=C5s6;mi | ar ef fect is obtaine
Capsaiciway( @meva with Dunnettdéds multipheddompaBi6

n=6Mz3)) .(D
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3. 3Ex6 vivo analayrseicse padforGABA tri but. i
peri pheral tissues

To confirm the exrpagceceptiomrns odc rGAsBsA DRG exeur on
vivowe performed histochemical analyses of ¢
access different segment s, whol e DRGs with
nerves and glabrous skin from the paw were
OCT edbieng, ti ssues wer e sectioned at 20 )
antibodi es UW,ayUgdentaisnugb utnhiet s, and i maged with c

mi croscopy.

| mmunofl uorescence for all Ssubunits was det ¢
within the DRG and in both the SHWN gdideBDPR e me
However, due to the high dénbdjeyisbahienirmaegali
bi furcations was technically challenging. We
in distribution between periphgmualctaondsceéent

experiments.

All four subunits were also detected in the
of GArBeAAc e pFio g 8 7T() Not afil p,0sfTitgrveeer e observed
glabrous skin, but norre odpttdre ms ,sthwomietd IGIASBIAN

that receptor transport may notFiexk@rggnd t o t h
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Fi gwrf&Expressi onaoéc &AtBAr subunits in the spinal
sciatic nerblle of the rat.

O, o,(sdbnasbsubunits oaf ece@t®ABAred) were detected in
root of rat DRG neurons Allongshdrei tMAP2r € gexgpmgs s e

wher e tlhoecyalcioze with both NF200 ((Scyaalne Obmmgnrd= 50 r i p h

Glabrous skin of the paw

Fi gwBBEXpressi onarodfc eGAtBAAr subunits in the glabrous
No fluoresdenddndesaimuni t s oaff etclteqgva®ABAt ected in t |

endings innervating the gl abrous skl n( gr{eStnl)ee r at
bar @ A) .



3. Hiscussion

The results obtained in this study further ¢
primary sensory neurons. 8wl dnmp leoiotdtndgy sacmk a vn n
et al ., wa20Ww®y e able to investigate | ocal eve
thereby deepening our understanding of | oc a
neurons.

Our group had previously demonstrated that i
release and respond to GABA. GABAergic signe
| ocal i nhibitory tone that modul ates the tra
periphery to (thhue estpianla.l, ¢200r1d7 ; Hao et lanl .t,hiX
study, we focused on -sdpiescsiefcitci nnge cchoampiasrnisme nwh
di fficult to manipul ate experimentally, to d
neuronal behaviour.

We showed that cultucomgpgaDR@Bentumioasof hut di ¢
the acquisit-uanpof aa pneephol ogy, a feature t
cultures. I n addition, the compartmsmeptahittan
of the somatic compartment from the axonal o
and establishing a spatially organized <conf
axon, the ganglion region and t hes ciennttrhael sapxi
cord. The slight positive pressur-édymaisntmai m
hi gher medium volume rel ati vlei kted yt hfeacli dti & rad
axonall out gr owtnh paon darp szeautd oo Tt .u | Rneimar kDaHb | nye, u rcoc
significantly increasediploeéapr ®R&r niean ook . p
t hat DH neur ons provide instructive cues
mor phol ogi cal mat ur ati on, consi stent nwmt bede

DRG neuronsinppeblbdpni zation folll®as bepi RalVawaaga

198.6)
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| mmunocytochemical and morphol ogi cal anal ysi

of this model, demonstr autniinpgo Itahra tn eau rsounbss edti sof
branches. The marker MAP2, previously repor
permiep al axon, | abell edt pseteedm ma xncam td nyd tshheo veeodr
intensity in the thicker branch emerging fro
(Gumy et al ., 2017; Papasozomenos Gevemrmltrr ece

evidence that MAP2 directs cargo entry at th

mol ecul ar( Gmontyores ,al it gy 7pl so help control
bet ween the two branches, particularly in th
expressed. Cultured DRG neurons exhibited tw

(~1 Om and ~0. &t Om)nn gneiel wossuerl eymemh si sel & Mense

Lee et al ., 1986; I8phoretanal y, 1884F neurons
competent, as peripheral axo?frads pdn smeud aitn oR
DH neuron cell bodi es, confirming preserved
Al t hough our -cmukctroféuisdgist emoreliably pr omo:

pseuwmi pol arization and pol arizedcédrtamichesha

every neur on, t he thicker branch consiste
compartment whil e t he teha elmtehre  ohke  ceoxnepl aurstin
Neverthel ess, t he overall structur al and f

resembiae whgani zati on of DRG neurons and fir

Consistent wit h( Du eevti oauls. ,r ep®Ir%;s Ma et al .,

Obradovic et iaimunozZ@1®)x hemi cal analresieptoev
subunits, G, ilgh,weéiregexpressed in both the som
neurons. Similar to the distribution of MAPZ
axon and proxi mal regions near the Dbifurca

peri plhieka@albrancmi ngehdéteecteanbl e i n di stal axor
coul dquramtt i fy fl uorescence edueiinvau rnt celcihsnti cccal e

confir medestshieo ne xopfr t hger escaenpet 0GABsAUbuni ts i n ¢
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neuron somata and along the axons within the

intermirdglpirreg tdfin the ganglion, wej ucnocutlido nnso,
precluding imaging and gquantification at thi
GAB#X eceptor subunits at peripheral nerve enc

suggesting that these receptors are not tran

I n contrasece®BABIA fl uorescence wars n@alh se riwme dt

mi crofl-culdti ¢er ¢ osy st em. This discrepanciyn | i ke
vi amadn wwviowdi ti ons, where altered trafficking
tar-geti ved cues, may allow ectopic receptor

To investigate the functional role of GABA
| ocalizations, we selectively applied GABA e
of the microfluidic device, taking adwuadt age

di ffusion. Local application of GABA t% the
influx in DRG neuron somata which was signif
TTX, indicating that ancrtei cveapttioorns oifn datcieosra | d e

sufficient to trigger action potentials that

demonstrate that peripheral GABAergic signa
excitability at the | evel of the amxtonst udi eas
(Bhisitkul et al., 1990; Bonalume et al ., 20
At the | evel of the soma, GABAergic signal/l

intraceddmndeant Cdti on charactBRowesny c& oBr OWRIG, nl
Groat , 1972, Feltz & Rasminsky, 19.74Ho we sd i,
althweghbserved that somatic GABA ap'pigeoatkt|j o
it also decreased neurlameael waxdi twhtaitomhas bee
in previous (iDuvedtiagdat, i @®Msd7; Hao etSmeécifi2da
w e Observed t hat somati c, but not axonal ,

somat f're€ponses evoked by el ect raitcoanp asrttimeunlta
This can be explained by the unjiuwrucet iedine:ct AL

106



medi ated conductances at the soma and proxi.

thejdinction by | owering membrane resisf{ance,
channel s, thereby reducing action po(tDeunteital
al ., 2017; Hao et al ., 2023)

Beyond somatic i madgiemgorusiCa¢/P6e @a managed
C&'activity uamtctMebb®bFEer vedr etshpaotnsCas] evoked by
electrical stimulation in both the periphe
bi furcation were attenuated foll owing GABA a

not to the periphénamostompaut maptdGéABA airti galt fi

at t-henclti on, however, when applied to the
produced a net inhibition of signaiT és@mnssne s
was detected in both branches generating fr
| ocated in the proxi mal peripheral branch

transmission.n @iiwuwmc ttihoants ar e distributed th
could Iie near neighbowriecgptekrlks $omatommdanad
could therefore be affected by | ocal GABA r ¢
data supports the concepecehiaor acat vait sonnof

pri mary sensory neurons differenti arldce mtfdresc

expressed along the distal peripheral axon a
this experimental condition, do not signifi
|l ocated in the proxi mal peripdhesiagnalkxonr aeam

|l i kely via shunting inhibition. This spatial

framework to reconcile previous conflicting
underscores the importaocewbénanatemprcali h@oc
consegquencea ecfepGMBA activation in primary SeEe
Having established that GABAergic signalling
Tjunction exerts a strong inhibitory control

asked whet her t hsepec icfoimp aeftfmemtts t r a nastl atthee i |
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first central ecsyhtpHede®Al dh®ugan exhibit spi
their evoked responses to peripheral sti mul a
the central terminals. We therefore examined
neuron compartment s easfpfoencstess . DH nndurnen wi t h pr
peripheral electrical sti mul £&&irroens poofn a@FEH n e
neurons, suggesting f unc(tVysnak ow yenta fatHi ., e tuarCalm
respowseee attenuated by GABA application to
wher pas i pheor@AIBAt i mul ation did not produce

This confirms that GABAergic-j modwil ani dhr eac¢t
centr al transmission, |l i kely by reducing ne

upstream excitability.

Given t hatec@hBArs are expressed throughout

to explore peripheral sources of GABA. Our g
neuron somata can release GABA and we there
similar mechanisms taoaolsplhngceuat fAsxarfdli nlgev a
which i ndiAsaeviooce HEBSK weaurlde uced with DRG neuro
periphery compartment, we detected GABA rele
upon st ivwnutlhatciaopns ai*ci Hhios 1ihs$ gihn KI i ne with wha
Hanack and coll eagues, who suggested that G,
endings in the cornea and glabrous skin of

(Hanack et &l tho2a@bh5pur data did not show an
GABAergic stimulation on signal transmissi ol

axonall GABA release exerts autocrfibeeor para

I n summary, our findingspadaceilfiine adreg an iczoarpiaa
signalling within DRG neur gnusncatnido ni dreengtiiofny at
site for modul ati on of sensory input.oUsing
culture system thanipokaerwmesphekody and f ui
with DH neurons, we demonstrate that | ocal G,
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i nhibitory control over signal propagation a

the traditional view of GABA as a purely spi
additional rol e as a | oc al modul at pr t btis pi
suggesting potential strategies to modul at e

of somardti on GABAergic mechani sms.

1009



4 Chapter 4: Schwann Cell s as a

GABA

4. Introducti on

4. 1Sclhwann cel |l s ar e key regul at
regeneration and pain modul ati on

Schwann cells are the principal gli al cell s
devel opment , mai ntenance of regeneration. T
bet ween differentiated and reparativeestinalks
of the PNS. When a peripheral nerve is dama
responders: they initiate a coordinated pr oc¢
that shape different stages of regeheraheee

same processes also contribute to the modul ¢

of neuropathic pain, placing Schwann <cell s
pat hol ogical sensory processing.
This reprogramming is controlled by intrinsi

surrounding mi croenvironment whi ch t oget hei

associated genes whil e-pamtmoudtnigh g ean ed iextpir recst:
( Ar tFhaurr a | et. abedi f2f0elr2ejnt i at ed Schwann cel
phagocytose myelin debri s, a critical step
regeneration (Nocera et al ., 2020) . Wit hin
roughly half mhanthse, myepin maceases | ater ampl i f
macrophages (Hirata et al., 2002). I n parall

mor phol ogy and assembl el amgiot uBlg mggderc ed d ud sa
provide strucdagemdr atriarcgk saxXonrs rt o navigate t
et al ., 2019 JessefBamrtctheaz .et 28116, Lo mey. Thr

phases, Schwann cell s al so secrete neurotro
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GDNF, which support neuronal survival and st

2013; Xu et al ., 20009) .
The reparative actions of Schwann cell s are
can contribute to neuropathic pain. Acti vat e

cytokines and cheméki AUN&nd i MGR wdiircch Inlot onl
i mmune cells, but also sensitize nociceptors
etal. 2022). They also secR@I bdaATRBctnemr aopaphb

fi®dren a paracrine manner to enhanceonnewirtohna

ner-wesi dent and invading macrophage-dei isvedu.
medi ators initiate macrophage activation and
secreted factors direct Schwann cel |l omiggat.i

nerve bridge (Blockus & Chedot al 2016; Catti
trigger their transition back to a myelinati
multifaceted roles position Schwpaminptterldls me

regeneration and key modul ators of sensory p

4. 1Scchwann cell s release and respon
Beyond t-betabwetshed roles in axon repair, ir
signalling, Schwann <cell s al so engaglei kien a
communi cati on. Emerging evidence shows that
respbodthe inhibitory neurotransmitter GABA,
t hat links Schwann cedlli adiddmmwemitd attiiom, are
modul ati on. Mublottiihp | vaintdmou dhh 28e demonstrated e

of B#receptor subikniGABRANGABABANd AGKA BAINd

bi-3) i n Schwa, St hevalnins cel |l angradulsob®ne -marr o\
derived Schwanmndelelts al . , 202.9;ThPer oecragceacg e neet r
the two receptors activates diverse intrace
di fferent functional outcomes.

111



GAB&r eceptors are metabotr oiptixp a gmifegptGenirnss ;¢ otul
activation suppresses adenyl ate cyclase acti

suppresses -BRKA/ LtR&EB transcriptional program

my edf iom mat M@agnaghi etl nmlyi camdidt)i onal del et
receptors in Schwann cells |l eadfi boaad Remak
bundl es, altered peripheral myel in mor phol
hyperal gesi a. Thi s ghmeglh laitgehdt ssitgmatl | IGRABA i n
influengdd aaXxaoneractions, myedbranthidtracatoadr ao
et al ., 2014, Magna@ohnvegtsehiece GRBHOLL) are i o0

receptors thkatanmned m a h€ke ar &Clhaills® kRxmpe emae

deri ved st eanmdc etlhlesi r activation has been s h

di fferentiation, driving the transition fron
myelinating( Pparamit yptesal ., 2012)
Notabl vy, RNAs etghedartoadenthasgsei athopmenegiven of s

GABAr el ated genes i,al Seohwgmnexpgldéssi on appe
devel opment al stage anbd vScrhswea nsnu bcuenl hlit esT ol tt yb phee
have been detected in Schwann cel-my@liecatism
Schwann( Gelbesr et Thaé&.was20kNI)iched primarily
precur sortshes wahsi ket ected in precursors and
particul amyley iinmtmoeagg Schwann cell s .b,fhddr i one
detected in earwheemhiBygodsocbumigise mmrl essiemt

differeonmyatiedating $Sohwarstdaeaiglds,ubtume t s wer
reported to beSchowamrneguwrddtsednscri pt omiom anal

injured mouUGleememtveset al ., 2017)

Schwann cells also possesneckebtaes§yy ymmhred Icezapsaec
and u pQAaBkAe, exptrreessghgt amate GADGS IKGADYy laande s
GABA transporters. Magnaghi and coll eagues
synt heti zien GuEBtAr ot hat treat ment wi t h neur oaeé
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all opregnanol one further enhances GADG67 exp
c AMP/ PKA/GCREB dent ( Maghwgihi efTranscr 2@tl®mi ¢ d
support this biosynthetic c¢cap&AD6t7y : anGladGa@A Dabr
respectiavel yn@ost strongly expressed during ea
remaining detectabl e at | ower l evel s i n ad
transport are also represented, including ro
i n myelS3cnhaamng( Geld ber et.]| mmunolRi0OLtIgchemical
developing pefupthwemal i aedv &AD65/ 6 75r eGABPA oan
subuni t-myeélni pati myedrndanomg Schwann ceghl s pr
and GhAB¥pression in the sciatic nerve decrea

in the a@dGbtehkree al ., 2015; Gerber et al .,

Notabl vy, RNAstvp atd-amampehi nating Schwann cell s |
peptide belonging to(RéeptlkaldoeepiBe , 8§ IDKI0W S
endogenousy e@GhApPAor modul at or , binding to the
the GABAeptors to alloster(ilcialety amo.dul2al 24 ;i t
202@) difftrarerandcri ptomic dataset folliomwmdingates
downregul Bteixpm esfsi bn after injury, suggestir
of GABA receptor signalling may be dynamical
and re@laements et Tealget h2017)Y hese findings su
can not only synthesize antiumespeceptorGABAI

an additional | ayer of regulatory complexity

Beyond géumowommunication, GCABAulhatse biemmuséo
i ncl umhicmgp phage pol arizati ennf |parmomadtoirnyg pare nh.
reduci-ngf pammat or yYBhaesgdagee& Barragan, . 2021;

These findings raise t hedeproisvseido iAABAy ntahyatal Sco

i n -gmmane communicati on, shaping the 1| ocal
nerve injury and potentially contriblbatngnto
Collectively, these observations highlight a
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sources and modul ators of peripheral GABAerg

and i mmune components within the injured ner
4. Ai m

The aim of itshoiest ecrtmdi phtedhrer Schwann cell s expre
of the GABAergic signall itnlgecienblchli aer mnand ul

di str iwhathiipertihpecher al ner veek®piekci dssassyandve
the exprescti®oinn®fi nvoy wtelde s ins GABADG6 7 )u,p traklee a s
(GAT1) and modul arecepabcibDBINGABIAN pri mary S

culture and sciatic nerve tissue using west

| abel |l ing,; (1) functionally as;ddd9 )GABA et
whetheri prheerrvad i njury affects the expression
cell s. Toget her , arteheessieg neepdp rtoca cehetsabl i sh whet

possess t he manoH iecaarhyai r e d for GABA synthesi
modul ati on, thereby providing antficaundeaoi esn

GABAergic signalling in Schwann cell physi ol

4. Resul ts

4. 3Sclhwann cel l s express t he enzy
synthesis and release of GABA

Data from the I|literature indicate that Schw
GABAergic transmission,sahndc IGév@daAnegp trmourl ts Yyl ten i
GABAynthesizing enzyme GADG67, and the plasrt
GATLFaroni et al . | 201 2, 2019; Ger ber et al
Procacci et Holweve2z2Ql13)he presence of the vesi
whi ch medi ates GABA |l oading into synaptic ve
in Schwann cells. As we aimed to characteriz
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sought to determine whether rat Schwann ce

necessary for GABA synthesis, transport, and
To this end, i mmunohi stochemical and Wester
primary Schwann cell culturedqd mendowhaesleet s oine

2.2..3We focused on GADG67, VGAT, and GAT1, w h
GABA synthesis and transport pathways, and
modul at or qoaqfetédpt GABAt hat is highly(ekpeesak
202.4)The Schwann delaks maeket oSL@0i ably identi

and tissueFisgenB)ohslA

Pri mary Schwann cell cultures were obtained
of newborn rats and reached high purity afte
uni for bs tSdiQhentghod sect bkeamwaihvad .yls)i s, whol e sci
(~5cm) were dissected from ~1 month old rats
or dissociated for Western blotting. | mmunof
proteins of interest ilhsbanh cuwed dawd,edweenves a i
cd ocalizedb Wi g r 88400 I N the sciatic nerve, \
al so detected in ceBs$sgooestilmpet hatd dHgdiSLIO®ON
as neurons, may alrseol a¢ epr epsrsot BABA i n t he

environment .

Western bl ot analysis confirmed the presenc

Schwann cell |l ysates and sciatic nerve extrz:
kDa) , GAKDa)~6and DBI (~10 kbDa) were detect «
wei ght s. I nterestingly, VGAT appeared as a

cultures but as a doubl et (approxi mately 5¢(
suggesting bhedpsésapoteVGAITr asolf arimesnalkl|l pomo
in thd infBtiogdr @C). Protein extracts from the
signalling i's wel/l characterized, were usec

consistently displayed the expected express
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specificity and validating the anadymsapti clh
vesineldd ated GABA release or storage in perip
unrecognized mechanism by which Schwann cell

micenvironment .
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A B

Primary Schwann cell culture Sciatic Nerve

C VGAT GAT1
S.N. Sch. + == Sch. S.N. + -
o - S =i . VGAT-50-57kDa ;2 . '—. = 1GAT1 -67 kDa
37 --‘ GAPDH-37kDa 37 : - GAPDH -37 kDa
GAD67 DBI
S.N. Sch. + - - Sch. S.N. +

I—
—

37 —— GAPDH-37kDa 37 “ s DBI-10kDa

Fi gul¥GAT, GAD67, GAT1 and DBI are expressed in

Representative i mmunofl uorescence i mages of pri ma
GADG6 7, GAT1, andt ®Bhedred) hcbhe Schhwgnaerc)el ( Sanalr
bar Om@ A) . I n sciatic ner ve -IsceccaliioznesbpBiathhv adhioOud e Ip Ir ¢
VGAT and GAD67 display expression also outside
di fferent cell types (B). Western bl-Dtk Da)a,l yGABG6 €
(67 kbDa), GAT1 (67 kbDa) dmadmDBIri MmadoykBahwiannl geh
sciatic nerves (N=3). Spinal cord tissue was uUsec
as negative control (C) .
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4. 38 c2hwann cell s tonically rel easece
receptor in vitro

Tof unct itoemnsatl lwhet her Schwanni ncedilBe oreerhpelacyee dG
previousl| y- idmeasgcirnigh(edds slagt al . , 2023¢ mesthradhd et
section Brie8)y, HEK298Tanepect ed mreddepttboer
sububij tdnokt oget her “sweintsh ttilvee If | uor e sQde n ome rper o
cecul tured with puriFigdr @A) . SAbtvamaecebltof 6
enabl es chanaleli m@mxpternd mayl,4d wp@lri dd as 5 mM Nal
HEK298T r epoarntdi nueedhé&RL s f |l uorescence. Theref
cells releacseeptBABAIigand or modualsataonr ediutct w

in EQEPfluorescence in reporter cell s.

Live fluorescence recordings wer e ocbulati nreeds
(Figuwuee) and from reporter HEK cell s monocul i
baseline contredkage BbseagargehcletphteorGGABaAn d/ or s
bl eachi ng-Qbf AfYtrér a 30s baseline recording
conditions, a solution containing 5mM of Na l
perfusion was then stopped fadd i Bgmimol ecubkbkc
cells. Perfusion was then resumed, and GABA

recording as aFpodi @ Cy¥e contr ol (

Quanti ficat-Qlnf lodforEeYyskcPe nc e q u emicnhi$nigo pd upg d rnigo
revealed a robust and siQdniffliucmarets ckenacree d e Hi
cultured with Schwann cells compared to monc
cecuurte vs. 13 N 1% mo n preiugl drug @), . pGdn tOrdg | NHBK
cells displayed mini mal oquenodi nogtidoemgi agl sw
GAB&XA eceptor activation i n -derei vadocs enicgen alfs .Scl
therempence of Schwann cell s c-QhsigpuemdaHhiyng

demonstrating that Schwann <cell s rel ease a
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SCs / HEK gaganevre
co-culture

GABA release
s e 3
EYFP-QL
quenching

= HEKgagaa
C monoculture D
= HEKgagan +
—_ - EC Nal Stop flow GABA
= 0.1 P SCs :o 0.2— ok
E; 0.0_ ....................................... E ™ |
£ g 0T
S -0.11 S
& & -0.2- *
el 3 047 E
E'I. -0.3 ;
& .04 W .06 T ,
: ! ! 1 HEK HEK
0 200 400 600 monoculture +
SCs

Time (s)

Figu28chwann cells ial edase oGABA

Schemati c r epraessseanyt aitni oHE Ko fr-elplotrureed cwiltlls Tohwann
rel ease “icmfulsiexss iln t he HEK repoharemelce |l whi ¢ i rioru gthu
EYFQL fluoreskReprcesdmt)ati ve-QLmagnagomgEYHEK -r epor |
transfedi ednmistubuni ts oaff etchreqpt ®ABA 0 g estelnesri twivteh EtYhF
derivativec(ilgreead b wicobh rat pB6cambhe yOMmMmEcSHCHBE n nc ud & lulr
(B). Representative-Qtr dteo®r ebowninrg HHME Rcdp gt er

monocul ture -¢okddrenditco Schwann <cell s (dILue) (
qguenching during 5 miQlLutfelsuoofe sncoe nfcleow.s EBYRmMi fica
cel l-sulctour ed wi th Schwanmoncoedulst wroemp(aDaetda tpr esent
ManWhi tney test;, n=278p8=08D1
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4. 3PSSNL downregul ates the expressi

GAD67, GAT1, VGAT and DBI

Chronic pain has been associated with a down

spinal cord and within the DRGs, a change
excitability and né¢C€Coaéptievealran2miobsi oMo or e
et al ., 2005, Wa n@i veetn alh.i,s 2@®@2du)cti on in in
emerging evidence that Schwann cells express
we sought to determine whether peripheral ne
related enzymes in Schwann cell s.

To address this question, wemetehh d @ r sne dA tiPGMN L 2
15 or Pl sduarygser §cm sciatic nerve segments we
i njur yPSfNdacnm mal s and al oSgfAMbet naedsda hey wer
processed for immunohistochemical and bioche
was performed to evaluate the expression of
cells along the injured sciatic nerve. eln co
in GO0 hwann cells and distributed througho
Foll owing PSNL, fbubpremscé&kercs Bhoppeat edfreduc:
further di mi ni sheidnj &afFyG0ARCH,s 3 Fp ofsuAdBeC-D)
Quantitative anal ysi s of fbl+ucoerlelssc eaorf iirnmee
observation, revealing a significant decreas
samples for GADG67, GAT1 and DBI at 15 days |
1. 8%r GAT1 and 10 N 3% for DBI, ;FdogmpgBsed t o
H , with the most pronounced reduction obse

GAD67, 53 N 1.7 for GAT1, 53 N 1:Ri%gdrdd DBI ,

G-H.As fluorescence intensity wa#® +Sgcuhawnatninf iceed |:
the observed reductions indicate decreased
themselnesrestingly, although VGAT fluoresc
appeared reduced, wliecnelwes , ks eflleuwcareeds cSelrtDcle qu a |
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mi ni mal decrease between the two experiment :
days and 9 N 2% reduction at 30 days, p=0.01

downregul ation may be takRAingdrgl akieg &me 04 .hé&er

To further substantiate these findings, VGA
bl ottFinNuUBA€) 4 Densitometric analysis of VGAT
showed a consistent downregulation over ti me
15 days and a mar ked riendjuucrtyi o{n2 5a tN 3101 .d7a% sr epdou
p=0.32, N=4; 60tiNonl3at8¥%W 0 eddauys, p=0.01; comg
N=5B-igdrBeD) . This indicates that PSNL decreas:
multiple cell types. These results collectiyv
a t-dmpendent downregul ati on of GABAergic C
suggestingi ae progaiesment of GABA metabolism

peripheral nerve microenvironment .
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Fi guBExpression of GABAergic markers in the rat
Representative images of i mmunohi st ochemtisntjruyr yof

shows VGAT, GADG6 7, GAStaanddDB(gHhe&dpPOico PSNL vs
SHAM ne(rSeceasl e Omgd MB=GM) . While at 15 days VGAT did n
changes (no reducti on c omp=alr7eld, tM=USHAM,| upsE.s&;
qguantification revealed a decrease of GADG67, GAT
ont EFtGH)( (Data presented as mean N SEM; nse80cti
=167 13 N 1,8%=GABL 1®=1553%nBBB5;, MaMhdad ney test
*pF<0. 0PED, 01; N=4) .

*3 O
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FigudExpression of GABAergic markers in the rat
Representative images of V@GATNnoBAPBEGdchE&mTESt-apds DE

stained fWidrmea&dWWdynPS3SBL vs. con{BSohl| 8HAYBEOVes

D). At 30 days, i mmunofluorescence | evel for all
cont EFGH) (( VGAT mM=1N9 2,%,@ADAD ;56 mM=2D77,%@ART 653 N

1. 75277, DBR2553 ,N nl=222%; Mavh® 4 ne¥y*tep¢0.0001, *p
N=4) .

A B
Day 15

N
o
>
o

P &S P S§ P S

37 | GPoH-37k0a

_

VGAT/GAPDH
° N
o (=]

e
o

SHAM PSNL

Day 30 20 *
PS P S P S g1
50 . — . VGAT-50-57kDa g .
=
37 | W — w— — . GAPDH-37kDa § 0.5 -

SHAM PSNL

Figubwestern blot of VGAT at 15 and 30 days post
Representative bands of VGAT from PSNL (P) and St

Quantitative analysis of V@mAdahdamaass s hiowepr @t5e iNn
in injured nerves cbhbpdagd PpPposSHBBNEOGNtwas!l snot st
significant (Data present etdesas nmeamBBN RNEM) edrma ic
bands of VGAT from PSNL (P) and SHAM (S) control s
reduction increased to 6@ ds 1e 8% KN DS B Ne;Baloa pOgplr;re es &
N=5) .
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4. Di scussi on

I n this chapter, we demonstradmpl dtae &Smcdh wlaumm
GABAergic signalling machinery and that this
peripheral nerve injury. OQur findings show

mol ecul ar components requireddfoel 6ABA, sgntdh
tonically rieml eva sl d6ABANally, Schwann cell s e
all osteric modudraecoeaptoofr ,t hiendGABA i nhg that th

respond to GABA dbhutmemanearsowbBnsetepitoby. Thi

identify Schwann cells as a previously under
suggest that GABAergic signalling constitute
peripheralli anleuamsg!| i ammumet wor k.

Previous investigations had estabjdansdh eGABA at
receptors and that their activity is importa
and axldnm i ntraracni oat al . , 2012, 20109; Ma g n i
al ., .2A13X)ew studies have reported GABA synt

never been demons{Magedghunet iHsehrad, | wel 1cOo)nf i r
expression of enzymes necessary for the sy

uptake (GAT1l) of GABA ibny WHrcehsmoamminv ac el | s, bot h

Using histochemical and biochemical techniqu
expression in both isolated Schwann cell s ar
t heyl occoal i zed with t he Sdhiwanand dcietlilosn , mavwAeTr a

i mmaohl uorescence was al s®d+todlsles,vesupad sti idreg

proteins may be expressed by additional cell
VGAT are known to be expressed in primary s«
are hseysnitzed in the neuronal soma and subseqglt
axons.
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Wh

il e GAD67 and GAT1 expression in Schwann

(Gerber et al., 2021; MagnaghVGAT eaxlp.r,e s2s0i 100n;
unexpected. Although GAT1 is classically ass
operate bidirectionally depending on ionic g
of a potential -medieatfeod GABRBA Spalwdaansne cferldns ,

and coll eagues recently demonstrated that at
UMmicotinic acetylcholine receptors on termi
which then acts ogr epcreepstyorrasp etiog | i Gh® 1Xi (nPee arceol ve a
et al .., Th@2%uthors proposed that this GABA
which could be triggered*"begnderctrreatsiean i aand al
depol arization. This is an interesting sugge
a more rapid route for GABA release wunder

conditions.

I n contrast, VGAT is classically associated
vesicles at axon terminals of GABAergic neur
possess the canonical synaptic machinery re
NevertheV&64a3 function depends primarily on
proton electrochemical gradient rather than
cells contain multiple acidified intracellu
mulesiivcul ar bodies (MVBs) , raising the-possi
synaptic vesiculmpocbmpalymeBS8tbwann cell s ar
exosomes and mi crovesicles t hat madioat e

communication and contri butreeden erfeludriiemt i mh i
et al ..Theeé&3yesicles, derived from MVBs or

actively exchanged bet ween Schwann cell s é
characterised pat hway of intercellular signa
Within this framework, VGAT c oesuyl da pitn cprviersd i
compartments involved in EV biogenesi s, pot e
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handling outside canonical synaptic vesicles
compartments or paasgsdsadipattesd tirnafvfeisdkcilreg i n
unr e s oNovteadb.l vy, the subcellul ar | oc-aMhiezt ahteiro na t ¢
endosomal membr anes, mul tivesicul ar bodi es
compart-mwwenttsrequire direct experimental i nve
Direct evidence suppomteidn@text madelalsel aorf VGeAd
l acking, as GABA is primarily released thro
transmedi et evde snacrul ar MmM&ahami £ms al . , 201 2; \Y
201 2; Petrov en a b rDiBrl &2sti2a%s) . be en detected i
environments and reported in proteomic analy
associati onbavwead tvresfifciloeki ng pat hways, althot
its incorporation ve@iOh&Nsbir rima&Th&quentr ieesro,2 001
observations support the possibility that [
extracellul ar vesicles, whereas a similar me
and |likely indirect.

I n this work we functiiomaalng, déimans tSrcatwad nv i
bi oactive | i ganapb(loGABIA nEgtBExBel c)e pWihoirlse t he pr e
study does not define the underlying releasce
broader capacity-defi vecdhwaesi coud kairc ud mad 10O Iy N
pat hways to -géegal abemax®iovaegn otnhe established
promoting Schwann cell dArfefceerpetnotrisa ta nod -itrhhriok
dependent transcriptigpeatépproraogmamstviad .GARA 1
et al .,, Sxthowvbhaer iceéd GABA may act both in an
fashion to regulate phenotypic transitions d
response. DBI , b ya rneocdeupltaotri nge nGABA vity, may
regulatory axis, enabling Schwann cells to
endogenous GABA depending on physiological o]
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This novel glial signalling may al so have im
cell s, including macrophages. I ncreasing ev
macrophage phenot ylpiek ei pafrdtrdartmiantgo rM2 pr of-i | es

i hBBmmat ory <cyt ok(iBnheasn dpargceed u& tBiaornr agan,. 20QWwrl ;

dat a, combined with these studi es, -dseurpipvoerdt
GABA may contribute to the resolution of i n
context, GABA signalling may compl-é&MmenBGaest a
and neuregulin, acting as another axis throu

i mmune env( $tormnantetndn .etCansi,de20iln8g its role a
modul at or af etbpt GABADBI could also contri bu

tuning the effect of GABA.

An important finding of owuwrepsthuddeyntr awevanlred uec
GABAergic proteins i n Schwann cell s foll ow
demonstrated that peripheral nerve injury i

signal DRgneun(rWannrsg et ,aland 20@2tta presented I
suggest t hat similar mechani sms mid gt atbd kye

transcriptomic analysis following peripheral
reduced expression of both GAT1 and DBI i n S
(Clements et salppor20bg) the notion that suppr
represents a conserved feature of EfSohwasheote

with these ,bdbtsweemtldDnand-iBpudpys Spbwann ce

mar ked reductions i n GADG6 7, GAT1, DBI , and
bi ochemical l evel. This tempor al profile is
repair Schwannocal moplremdytsypectti onal state &
i nfl ammati on ngrud ychrWwenisqppecul ate that | oss of

the nerve microenviroinmehammatowown|l gi ghalanf am
al so of critical autocrine and paracrine ¢

di sruption achwladhni mpailr pBenotypic transitio
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while simultaneously exacerbating macrophage

structural recovery of the injured nerve. Gi
GABAreceptor function, its downregulation m
reducing the efficacy of resi dual GABAer gi

required to better understand the role of G/
charrmicze GABAetglk meobBanisms with other cel
il udi ng sensory neurons, i mmune cell s, an
comprehensive understanding of GABAergic <co
compartments of the PNS wildl be essential tc

i nfl ammaarndnt he persistence of neuropathic p

Overall, our results indicate that Schwann
peripheral GABAergic signalling and that the
GAD67, VGAT, GAT1, and DBI , is downregul ated

sggest t hat Sedwianed c6ABA coul d potentiall

mi croenvironment, either through autocrine o
or by modulating i mmune cells such as macropl
of GABARase, t he modes of Schwann cel | comm
directly inter aicn sy svind ihn DRGKk maxwms Further st
t o clarify how Schwann cel | GABAergic si gl
conditions and how its disruption contribute
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5 Chapter 2 reGéapBAdr at ed modul ¢
macrophage function in neurop
5.1 ntroduction

5. 1Malcrophages as <centr al orchestra
neuropathic pain

Neuropathic pain arises from damage t o t h

pat hogenesis involves complex interactions
cell s. Foll owing peripheral nerve injury, DF
cell sseral daoad +#addeammbt ry cytokines and
activatreediidesmute i mmune cell s, but also recrui
and injured nerve, creating a sustained inf
chronicGehrmann et al ., 199 2; White et al .,
al ., 2017).

Macrophages have emerged as one of the most
i n t he-i mrewmre interactions associated wi t h
macrophage populations contribute tdertihese

macrophageessiamrdht sedasceoygyiaetedomacr opblagest (

al ., 2014, Si.| Woo naiteyd le.e,d 2n0alr)ophages origin
monocytes produced in the bone marrow and tl!
DRGs by chemokM@Rla nEGXSICK&Kuuri hara et al ., 19
2017 ; Tsou et Oalc.e, thEK7)infiltrate t he tis

macrophages that adomtf | mrmendhd roirryarftMly mprhenoty
DRGs and peripherall inead epo pwlnataiionn loofngr esi de
maintain closcrt gpgdty swictah sensory neurons and
neuronal( S9tlrveas se't al ., 202 Rec¥pot ewworak . ha 0P

specialized sd@rbessitdeonft Obalcér3lophages pebsRA@ i one
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barrier, where they actively monitor vascu

di sruppltuma et .alT.hes202Xx3)I I s actively interac
associated pericytes, and they are implicat
i nduced i ncr e®dREs bianr ibdrooger meability, hig

mechanism through whi ch macrophages may s h

sensory neuron excitablidndyeti nalneur2®ad3)hic p

After injury, both macrophage popul ations e
mi croenvironmento@iroaptciivngg me di &t dr sa nsdu cRO Sa, s
thereby promoting pEeMalphaemnaqilo,se2x®2 Q. ziattliaoal e,
both populations retain thenftlapmamat grsylovicrom
phenotype (M2), illustrating their remarkabl

targeted therapeutic strategies.

5. 1GABA pol ari zes di ver se Ssubpopu!

towards-iafhl ammiat ory phenotype

Emerging evidence i ndicates t hat GABA exer
macrophage biology, | inking neuronal inhibit
Di verse macrophage popul ations, including pu

BMMs, express key components of the GABAergi

GABA transport-eyst hedi GABBhanhzyemesal . , 2010;
201 8; Kim et al ., 2018, Xia.et al ., 2021, B.
Mechani stically, recent studi es demonstrate

i nfl ammatory phenotype and function by resha
pat hways. For i nstance, G A-BBA e xtprreeastsmeomnt i dne
infl ammatphggenactlbrough i +«iBdmhivermnp ®&thhway aINIJ
202.2)Consiisn ewtABAA, admi ni stration alleviates
mo d e | efndWwR* d sepdiadti -eabnddu cheidg hd-hue seitt yal Bh a2 0 2
and coll eagues showed t hat peri troneaalat enh c
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el ectrophysiological responses t o GABA and
expressionfbammabory cytokinesi holf i BhwmadngtL RS
2010)I nterestingly, enhancement of GABAergic
ameliorated disease severity in an experi men
highlightimgl| amemataty poitnengiBvacht oédt GAIBA, t 2@
tumour mi croenvidreon medt GABAc @lrlomot es macr O f
toward -anf lanmmat ory phenot ypk0 chacnrnetticon zed
modul atitmgnoamnt i mmung¢g Sr. e Zghamgeset Call | ec202¢8) vy
findings establish GABA as an i mportant i m

shaping macrophage phenotype across multiopl

However, whet her GABAergic signallingiimil
neuropathic pain, particularly those associ
nerve injury, remains | argely unexplored.
5. A m

Given accumulating evidence that GABA pol ar
toward Amf laasnmmat or y t pihe n cthyapd ,er whientvheesrt i ¢ & i
i mmunomodul atory effect al so applies t o ma
Specifically(i)wededhomdABRAe anda,r GABApt or act i
modul ates inflammatotriye gBitMbdMect lypeas $as diPrisg ch

pr-and -amtli ammatory marnkevw(iiteryopraseseisen whet her

activation altreref tEdBaAXxedegeines ;iandma(cirioip)
evaluate the |impacthretempteari pagonai smABA pain
macrophage dynamics in an ani mal mo d e | of ne
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5. Resul ts

5. 3GAIBBAer gi ¢ signalling -iattammat e

responseclhdl ILPrBSged BMDMs

To investigate whether GABA modul ates macro
effect of GABAreaedptbe &848Ai st -cihsad g uevnagcei dn eB MD
obtained from adult (metddedbaecret RaBASZwi3s 2 a
component of the outnregarmeinbe abneec toefr iGr aamd it
potent nfplr@ammat ory signal M&dmg é&atobwphbpgenl9?9
stimulation, LPS triggens$lammabosty sg¢tbO&ines
and6l Bnd it upregulates gemMosDuagke det oali nf |
et al., 2002; Mengo&veowell, 199dpbwnregul at e

i nfl ammatory genes character i dMirigd gbbafn Atrlgel M2

(Al'len et al ., 2020; BPeeeciweposiought ato, d2oa!
activation of GABAergic signalling-indutdd cc
infl ammatory program in BMDMs cul tures.

As expeboed,LBS (100ng/ ml) stimulation resul
| evel Bperdoinf | ammat oFyk m& @K er § niclf6ers @0 ,f ol d i nc
antlos2~2000 fold increase), accompanimbde by
expressanon-hnfolfa mmetnaeveycl~3 f ol d a ¢t (r eafseel) d
decreasgngrmrdfol d HKiegbredB&Ld). When GABA (900
added 3 hadthres sdlffrStrtafe d nUnlelredn,tNo st2r anscr i pt |
di s plaapyperdo x i Feotledl y educt i on etornepaatreedd Tchidbn tOreohlisc
N ofb2d, IpE=E®0.0RASE NI 6, 1MN0G&.200.45-Ff |l @.,0Hp<0;. 0001
Fi gbrdB) . Amonnfg aammait or yMrgeelx @s essesnloy was si
i ncr efaclelddGAIBrAg t r e Mt o2.n28 (N o0 .d46 ncrease, p=0

wher dgfdandr gslhowed notable mean increase tha
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significance |i kel yl gofilue5 1t oN &Qi.¢2h8Aw -l 7850 iN i &t .y6

fold, psRi. A6 NG 6.

The GgaBgfoni st , i soguvaci nteh e(s%0 0o b&s)y viadt n fpiansm e
counteractddhdubkbedLB®r & glhialnati d SsMRNAfs compar ed
vehtitcrleeat ed c olntOr.o53sf MITeN,FL4H=0. 04; -Nols®, Op2A®. 0
N=5Fi g ubr.elED . Amoanqf bammat ory Mgedxpgr, e sasasoyn

significantly affected by isoguvafcdlndke itmcerad an

p=0. 04Fi ydbB4&F).

To further deter mimfel asinmathery tdédfef amtt iof i sog
specificall yartehcreqpugohr sGABvwe examined the effe
receptor ant agoni sahabilceuncgueld 1 Bnl@b Msh WiPtSh i s o
Cells were stimulated with LPS, followed by

or in combination with bicucul | iuré&2X)2.00q FOOVR

analysis revealed that bicdaadllaimmatpwpart edlfleyg
by isogasashown by the i ncTrnefas 8 dscoxnppraersesd otno
i S 0guwvtarce antee (Tnl& &.15 sl @1 d, 2;pEB. B2 &f bl d.,5 p=0.
Nos2.8 D ol dQ.;p4Ei g2B.bn contrast, bicucul i
effect on the -ernptammabobor wif®8nTehse s(eFirgesul t s

t hat bicuculline partially reversed the eff

infl ammatory +marlkers BMDIMBS
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counteracdi nfhammaodory effect of LPS.

Cultured BMDMs were treated with LPS (100 ng/ ml)
GABA (9000OM) or vehicle for 5 hourmsfI(aAmmatQuraynt(iB
antnfl ammatory (C) mar kers assessedc byntgdrCRc tssh olw
effeata parall,eli seoxgpuevraicmmennet was added for 5 hours
MRNA quanti fi-icraftli @ammaotforpriof E) ammalt oarnyt i ( F) genes
i soguvacine c dWPitnedrubcaelda nicnef s spnoprddae my ar e mean N SE
way ANOVA, with CTawurkpeayréiss orulttd ptl;e *p<0. 05, **p<0.0
compared to controls; N=5 to 6).
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l soguv@z0 m@M)sogruvaci ne + BINdwaul5l ihnoeur(s2 0(0A) . Qu a
MRNA o4 npt ammat or yi n(fB)a nammadt ocarnyt i( C) mar kers assess
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5. 3LRS alters expression of GABA

macrophages

As reported in |literature, macrophages expr
synthesis and transport of GABA, i ncl bdBi ng C
andsubuni t saroefc eABBoAA t et al ., 2010; Fu et al
Kim et al ., 2018; .B.BaZsheathgorett hads. e a20s2elr)v at |

i nvestigate whether LPS treat ment modubhneeds
genes in BMDMs. To determine whether +4+he G
i nfl ammatory macrophages, cdlwiutrhe dL B3MDMsr wd rt

which the expr-esebabvadofr &GAB8Ar i pt § POES (Quy £e s ¢

53A) .
MRNA | ev@d s GoAfD6 7 ) GaadnrRdGADG6 5) , enzymes respon
decarboxyl ati on of glutamat e i nto GAB-A, we

stimulated macrophages when cQamdarded Nt al .dOmt r
increase,Gam=20..012; fNol 2. 5i ncrease,; Fpg0sr3BP 0 3;

Similarly, tdeoomrs GrAIBpAt ¢ r@amdSp @ Blada2s d CBIACRBa L 3

were increased foll®wia#laAdPSNelkdbdismeceedse,

Sl c6@234 HNola. Tncreaset,o;pb=PBEHGoN Ni=St ent wi t
pattern, t he GRINABIsabailni bf ofartecep GABA was
significantly ucphreaelglud mgeedd nianc rlLoRp$faogleds i(nbc r7e2a
p=0; 08=5vher adiasbumét did not showVFamgysBEE gni fi
Collectively, these results indicate that LF
of genes involved in GARAescsgptbescempopibken

that the GABAergic machinery is dynamically
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5. 3GABBA administration attenuates m
an ani mal model of neuropathic p
To probmidevVevande t¥di tnadwrngs, we sought to i n\
the GABADNI st i soguvacine on the devel opment
mouse model of chronic pain. | soguvacine was
greater bioavailability and its inability toc
peremyKr ogslgarmsen & Fal ch, 1981; Li et al ., 2z
Mal e and female mice underwent SNI on day O
with isoguvacine (2 mg/kg) or FPgS®dElmetllyod or
sectioB. 2. 8)usring SNI, the sciatic nerve is e
into the tibial, common peroneal, and sur al
wher eas the tibial and common peroneal ner
devel opmeamtnie¢f pah n i (Debesthemd &.i Widhehséi t 200
mechani cal stimul.i was assessed wusipmgtohveon F
i njection. 50% PWT, corresponding to the f
withdrawal, was subsequenddwbhixanad lhip@li e d n u &i
Chapman,. 1980)
Baselines (BL) responses measured before sur
approximately 1g. Af ter SNI , the withdrawal
0.002g in both experimental groups, confirr
sensi thivlig yt hew val ues for the contral ater al
evaluate potential acute effects of isoguvac
on the first postoperative day at 1, 2, and
wer e observed bet-wered \eahigalve d B ongi gceestt hi antg
| soguvacine does not exert i mmeHiigaG48) neur ona
Notably, from day 4 onward and until the en
with i1isoguvacine displayed a moderate but
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hypersensitivity compared with vehicle contr
6 (0.028 N 0.004g Vehicle vs. 0. 14d;FNgOre46
54C) . The ti mefr ame for i soguvacine activit
macrophages play a predominant r o)lseugigre sdu antge
that | soguvacine is |like(¢€hantéengabn, tB08280¢e

al ., 202 3; Mshei k et .al ., 202 2; Yu et a l , 2
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Figuf4 Repeated systemic application of | soguvac
hypersensitivity elicited by SNI

SNI was performed on day O on male and femal e n
foll owed by VonMeFcrheayniacsaslayal(lAo)dyni a devel oped f ol
not elicit any acute edhnhegectapbnl(B)antisébgbhwacsnp
showed decreased mechanical hypersensitivity fro
treatoemd rols (red) (Dat-waapr AN@O¥AnwNt BE®2 dEwbs mult
test; *p<0.05, **p<0.01lt,oc®Hmpared to controls; N-=
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5. 3GAMBA treat ment IS associated Wi

infiltration in the DRGs and Spi
Gi ven t he moder at e i mprovement i n mec hani
I S0gQguvwvtarcd anteed mi ce, particularly peaking at
determine whether this behavioural effect wa
dynami clse adi tte of ner ve i njury. Macrophage

mai ntenance of neur o pa tvhattgao pdae nmo, n satnrda tcewdr t ha
signallingt hmeoidrul iamfel ammatory profile. Buil d
i nvestigatetdemwmhet heogasyacine administration

angol ar iiza tvii ovmo

At day -SNIpogntice were eut hani-lzeedandanld5 DRa&lso rf
segments of the ipsilateral injured sciatic

cyt omemeatyhod sectMboe2t Beé&ded with)i shgweacial
trend toward reduced numbers of CD11b+ myel

reducti on, p=0. 06, N=5) as well as of F4/80
p=0.09; FiNFUxb54-B) . As a conseqguence of this
macr ophagese naubnsboel rust of (GD2/BOMH®LI +) -l itle M2
(CD208+fHMH®RAdr ophages were dedrreaded Fimpuoree o
55C) I nterestingly, analysis of macrophage <co
a significant shift in phenmeatype mdicerébhibi
proportiloinkeofmawlr ophages and 4 ihkieg hrearc rigotpohpaogret
71%M2 29%) rel attirveeattead wehmitaM@d #4401 5 G%i cat
t he macrophages wig hpopulhat i o&eamawenrie skewed

i nfl ammatory phenotype by;Fiigdfdhv.aci ne (p<0.0

Similarly, at the site of nerve injury in th
8. 6% decrease, p=0.001, N=5) and F4/ 80+ celll

significantly reduecterdeaitedt lye oupoguwinpairea t
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cont Folg s BEF) . The distribution of macrophage

however, did not differ signifjcBEbBg®PbEGet wee
H) .

FACS data acquisition and analysis for this

Zeboudj and Dr. Francesca Picco at Kingbds Co
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