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Abstract

Neuropathic pain such as that seen in diabetesitusellresults in part from central
sensitisation in the dorsal horn. However, the raadms responsible for such sensitisation
remain unclear. There is evidence that disturbamntdbe integrity of the spinal vascular
network can be causative factors in the developrakneuropathic pain. Here we show that
reduced blood flow and vascularity of the dorsainheads to the onset of neuropathic pain.
Using rodent models (type 1 diabetes and an inteicéndothelial specific vascular
endothelial growth factor receptor 2 knockout mouget result in degeneration of the
endothelium in the dorsal horn we show that spooatl vasculopathy results in nociceptive
behavioural hypersensitivity. This also resultanareased hypoxia in dorsal horn neurons,
depicted by increased expression of hypoxia markgpoxia inducible factor d, glucose
transporter 3 and carbonic anhydrase 7. Furthemoducing hypoxia via intrathecal

delivery of dimethyloxalylglycine leads to the aeiiion of dorsal horn neurons as well as



mechanical and thermal hypersensitivity. This shakat hypoxic signalling induced by
reduced vascularity results in increased hyperseitgiand pain. Inhibition of carbonic
anhydrase activity, through intraperitoneal injestiof acetazolamide, inhibited hypoxia
induced pain behaviours. This investigation denratss$ that induction of a hypoxic
microenvironment in the dorsal horn, as occursiabeles, is an integral process by which
neurons are activated to initiate neuropathic [s#tes. This leads to the conjecture that
reversing hypoxia by improving spinal cord microualar blood flow could reverse or

prevent neuropathic pain.
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Introduction

Chronic pain is a significant burden faced by pdsewith pain not restricted to a single
condition but developing due to an array of difigrihealth and disease related afflictions.
43% of the United Kingdom[17] and 25% of the glopabpulation[20] suffer from chronic
pain, which can arise either idiopathically, as @asequence of another disease (e.g.
diabetes[68]), or as a consequence of therapy (bemotherapy[46]). Neuropathic pain
arises due to damage to the somatosensory sengigymswith the modulation of intrinsic
sensory neural circuits fundamental to the mainteeaf nociception[4], and presented as a
hypersensitivity to evoked sensory stimuli (e.do@tnia/hyperalgesia) as well as ongoing

pain[18,30]. There is a severe lack of effectivalgasic management in the clinic[6].

Dorsal horn neurons possess the ability to adapetoonal stress through key mechanisms

that underlie maladaptive plasticity[32] A balanbetween excitatory and inhibitory



processing is maintained, but during chronic paicitatory pathways predominate[40] with
GABAergic excitation a contributing factor[33,5Hlow these sensory neuronal networks
alter in times of stress is unknown. Neural tissaes susceptible to depleted oxygen
availability, although they can reprogram metabplthways to support continued neuronal
function[29]. Perturbed vascular function accomparihe development of neurodegenerative
conditions such as Alzheimer’'s disease[45] , anthasal relationship between peripheral
limb ischaemia and onset of pain has been shows§22Previous work has explored
systems level modulation of blood flow and the hasg impact upon nociceptive processing
and modulation of pain behaviours[7,70]. Reducesalohorn spinal cord blood flow in a
rodent model of diabetes, potentially due to vaactdrefaction, is associated with the onset
of pain hypersensitivity[70]. Vascular integrity rmediated by the Vascular Endothelial
Growth Factor (VEGF) family of proteins, signallitigrough VEGF receptor 2 (VEGFR2).
VEGF is a master regulator of angiogenic functiath fluctuations in VEGF expression
associated with distinct endothelial cell activitglating to physiological function and
pathogenesis. High VEGF expression and VEGFR2 rtestligignalling drives aberrant
vascular expansion[24,65], whereas diminished VEZBMRgnalling leads to vascular
pruning[31]. Interestingly, a systemic endothedipécific knockout of VEGFRZ2, predicted to
reduce vascular density in the spinal cord, redutsdceptive behavioural hypersensitivity
in an animal model of arthritis, by reducing spioatd microglial activation[7]. We therefore
set out to determine whether vascular rarefactionthe spinal cordper se initiates

neuropathic pain phenotypes.

Here we show that the spinal cord microvasculatgreritical in maintaining sensory
neuronal modulation and demonstrate that alterationvascular support to the dorsal horn

contribute to diabetic neuropathic pain developmé&wgpe | diabetic and transgenic rodent



models (endothelial specific VEGFR2 knockout) ofdueed spinal cord vascularity
demonstrate that localised vascular degeneratiduces a hypoxic microenvironment in the
dorsal horn, leading to neuron activation and atin of neuropathic pain. The initiation of
neuropathic pain is dependent upon the hypoxiaoresy in particular the upregulation of
hypoxia inducible genes and the resultant chandacarbonate metabolism, which can be
prevented by carbonic anhydrase inhibition. Thesellts show a potential new therapeutic

strategy for analgesia development.

Methods

Ethical Approval and Animals used

All experiments using animals were performed inoadance with the UK Home office
animals (Scientific procedures) Act 1986 and EUebiive 2010/63/EU, in line with the
ARRIVE guidelines, with experimental design andgadures reviewed by the local Animal
Welfare and Ethics Review Boards (University of tNgfham and Nottingham Trent
University). Animals hadd libitum access to standard chow and were housed undezhl2:1

light:dark conditions.

Rodent Models of Diabetes

Sprague Dawley female rats (~250g) and Db/db mieeewpurchased from Charles River.
Db/db mice are rodent models of type Il diabetebjctv have impaired Leptin receptor

signalling to induce obesity and hyperglycaemia &% River; versus lean controls).
Streptozotocin induced rodent of model Type 1 DieseSprague Dawley female rats were
used and treated with either vehicle (Saline; N&vweup, n=15) or Streptozotocin (50mg/kg;
STZ in saline; n=15) administered via intraperi@nenjection. Hyperglycaemia was

determined as >15mmol in samples of blood extragiadail prick (end of study week 8).



Under isoflurane anaesthesia (~2% oxygen), ond tfian insulin pellet (LinShin, Canada)
was implanted in the scruff of the neck using @&drpin STZ treated animals. Experimental
group animal body weights and blood glucose measemés were recorded during the study.
Measures (mean +SEM) recorded at the end of tluy $tveek 8) are presented below;

Blood glucose (mmol/dL): naive=7.44+0.29, diabet?8.5+1.82,

Animal body weight(gms): naive=330.6+4.49, diabe?ig4.2+4.86.

Transgenic Mice

Tie2CreER? mice (European Mutant Mouse Archive Tg(Tek-cre/8RArnd,) were
interbred with homozygougegfr?™ mice (as previously described[2,7,63]. This getesra
tamoxifen inducible endothelial specific vegfr2 kkout adult mice. Mice (both genders)
used were vegff¢ and were either Tie2CreERnegative (n=83, termed WT) or positive
(n=83, termed VEGFR¥®R™3. Mice were treated with either intraperitonegeation of
1mg tamoxifen per mouse (10% ethanol in sunflowi@rooce daily for 5 days consecutively
(n=116)[7,70] referred to as VEGFRZ® or, a single intrathecal injection of 1uM 4-
hydroxytamoxifen . (OHT; 10% ethanol in sunflower )oi(n=34) referred to as
VEGFRZF“*C The remaining 16 mice were used for endotheé#llaulture. All transgenic
animals were taken to 8 days post first tamoxife@HT injection. All intrathecal injections

were performed under brief isoflurane anaesthed&o(oxygen).

Chemically Induced Hypoxia

For the hypoxia mimetic study, 1mM Dimethyloxalylgine (DMOG, in PBS, Tocris, 22
mice) or vehicle (16 mice) was intrathecally inggetinto C57BI6 adult male (total 38 mice)
under recovery anaesthesia (isoflurane ~2% oxygAngtazolamide was delivered via

intraperitoneal injection (40 mg/kg, in 1%DMSO iB®, Tocris).



Intravital imaging

C57BI6 male mice (~30g; n=12) were deeply termynahaesthetised and anaesthesia
maintained (ip Ketamine, medetomidine). Body terapge was maintained (~ 37°C) using a
feedback-controlled heating blanket with a rectabp. Midline incision was made along the
thoracic-lumbar region of the mouse and muscle wdigsected from the vertebrae. A
laminectomy was performed between thoracic (T1@) lambar vertebra (L5) to expose the
lumbar spinal cord. In house stainless steel spiagkbrae clamps were used to stabilised
the vertebrae whilst an in house window chamber wtached to the spinal cord
vertebra[16]. The spinal cord hydration was maiediwith physiological saline prior to the
application of Kwik-Sil® silicone elastomer (WorlBrecision Instruments) and a 5mm
coverslip number 1 (Harvard Apparatus). Followiigs tthe mouse was placed on to the
confocal microscope (Leica SPE) and images weréuap via 10x objective. Mice were
administered alexafluor 555 conjugated Wheat geggludinin (1mg/ml, Thermoscientific)
via tail vein injection. Upon identification of thendothelium, sodium fluorescein (i.p.
100mg/ml) was administered intraperitoneally[3].alyje acquisition began immediately
following sodium fluorescein injection. Spinal cerdiere treated with either vehicle (PBS)
or 2.5nM VEGF-Agsa with or without VEGFR2 inhibitor ZM323881 (100nNOr 5 minutes
prior to fluorescein injection (as described by)72Zodium fluorescein permeability was
measured across multiple microvessels, as previaesdcribed in the mesentery[9], which
involved determining a region of interest extendaegoss the vessel width and encompassing
the region outside the vessel wall with solute psability determined. Animals were killed

by anaesthetic overdose upon completion of theystud

Nociceptive Behaviour



Animals were habituated to the testing environmpribr to nociceptive behavioural
experimentation, which were performed as previodsigcribed[70]. Mechanical withdrawal
thresholds were determined via application of voeyRvF) monofilaments to the hindpaw
plantar surface. vF filaments of increasing diametere applied (a maximum of five
seconds or until paw withdrawal), with each vFrfient applied a total of 5 times to generate
force response curves. Withdrawal frequencies &6 a0 each weight was used to determine
the mechanical withdrawal threshold (g)[8]. The dtaaves test was performed to measure
thermal nociceptive behaviour[21]. A radiant heatirse was focused on the plantar surface
of the hindpaw. The time taken for the mouse tdelaw their paws were recorded. The
latency to hindpaw response was measured 3-tineesnBtor behavioural assessment, mice
were placed in Perspex enclosures and were lefstumded for 5 minutes whilst being video
recorded to explore the environment [48]. Followexgerimentation animals were returned
to housing cages and data analysed offline. Alhyssvere undertaken by observers blinded

to treatment or genotype. Animals were killed byfypson fixation.

Animals that had been terminally anaesthetised wsotiium pentobarbital (60mg/kg, Sigma-
Aldrich), and transcardially perfused with PBS deled by 4% PFA (pH7.4) had tissue
dissected, cryoprotected (30% sucrose) and stoted3@C until spinal cords were
cryosectioned (40um thickness)[70]. Slides werelldated in primary antibodies (see table
1) in blocking solution (5% bovine serum albumif?d fetal calf serum, 0.2% Triton-X) at
4°C for 72 hours, then washed in PBS. Slides weresemlkently incubated in secondary
antibodies in PBS + 0.2% Triton X-100 at room termapge for 2 hours. Confocal
microscopy of the dorsal horn of the lumbar regabhe spinal cord was performed using a

Leica SPE confocal microscope.



Hypoxyprobe Assay

Hypoxyprobe staining was performed as outlined e tmanufacturers instructions
(Hypoxyprobe omni kit)[58]. 5 Tie2CreERvegfr2" (VEGFRZ(“*9 mice and 5 vegff?
(WT) were used 8 days post intrathecal injectiohyafroxytamoxifen were used, as well as 5
STZ induced diabetic and 5 vehicle treated nait®were used. Experimental animals were
administered 60mg/kg hypoxyprobe via intraperitdbnepection. Animals were terminally
anaesthetised with sodium pentobarbital (60mg/kgm&-Aldrich) 30 minutes later and
transcardially perfused with PBS followed by 4%gjarmaldehyde (PFA; pH7.4). Lumbar
spinal cords were extracted and cryosectioned #sm@d above. Anti-pimonidazole rabbit
antisera; (PAb2627AP) was added to slides at 108 @ilution overnight at % and
subsequently incubated in Alexafluor-555-conjugatihkey anti-rabbit in PBS + 0.2%
Triton X-100 at room temperature for 2hrs. Conforahging of the dorsal horn of the

lumbar spinal cord was performed on a Leica TCS &ttfocal microscope.

TRITC dextran perfusion Assay

5 Tie2CreER? vegfr?"" (VEGFRZ*“"9 mice and 5 vegff?' (WT) mice were terminally
anaesthetised 8 days post intrathecal administrabdb 1uM hydroxytamoxifen; and
anaesthesia was maintained with sodium pentobhar{@@mg/kg, Sigma-Aldrich). The
external jugular vein was cannulated and 1 mg pgrt2tramethylrhodamine isothiocyanate
(TRITC) dextran (76M,,; Sigma-Aldrich) was injected[47,69]. Mice were ntored for 30
minutes post TRITC dextran infusion. Subsequeatiymals were transcardially perfused
with 4% PFA (pH7.4) and lumbar spinal cords werérasted and samples prepared for

immunofluorescent confocal imaging as outlined festy.

Immunocytochemistry



Spinal cord neurons were isolated as outlined alaowkeplated on glass coverslips coated in
poly-I-lysine (24hrs, Sigma Aldrich) followed byranin (5mg/ml 2hrs, Sigma Aldrich).
They were cultured in media for 24hrs and subseterashed in PBS, prior to incubation
in 4% PFA for 15 minutes at room temperature. Nesirowere permeabilised with 0.4%
Triton X-100 in PBS for 15 minutes at room temperat Cells were incubated in blocking
solution (5% bovine serum albumin, 10% fetal caliusn, 0.2% Triton-X), mixed gently and
incubated for 30 min at room temperature. Cellsewiacubated in primary antibodies for
identification of neurons (chicken anti-MAP2, SySwyernight at 4C. Cells were
subsequently washed in PBS and secondary antib8liesa Fluor 555-conjugated donkey
anti-mouse, Alexa Fluor 488-conjugated donkey ahttken) added for 2hrs at room
temperature. Glass coverslips were mounted onsslideng Vector Shield (H-1000, Vector

Labs).

gPCR Method

Whole lumbar spinal cord lysates (5 Tie2CréERegfr?"" (VEGFRZ““9 mice and 5
vegfr2"" (WT) mice) and isolated lumbar spinal cord neur(®<57.bl6 mice) were used
(killed via cervical dislocation) to extract RNA axperimental groups using TRIzol reagent
(Invitrogen) from 10 C57.bl6 mice. 1ug RNA was rnesee transcribed to cDNA using
PrimeScript¥RT reagent kit (TaKaRa, RR037A). Quantitative PCRswdone using a
LightCycler 480 SYBR Green | Mastermix (Roche 04506001) following the
manufacturer’s instructions. All primers were oh&d from Eurofins and outlined in Table 2.
All other primers were obtained from Sigma-Aldricfhe reference gene used was b-actin.

The primer sequences were as follows (5'-3’);

Multi Electrode Arrays
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Mouse lumbar spinal cord were extracted from i 16 male mice (Charles River; killed
via cervical dislocation) and maintained in neusgdanedia (supplemented with B27 and L-
Glutamine, Invitrogen). Lumbar spinal cord tissugsveut to 400m thickness and incubated
on high density microelectrode arrays (3Brain, 468&:trodes). Neuronal electrical activity
was recorded digitally via the Biocam X after 24lmsatment with either vehicle or 1mM

DMOG application. Data was recorded offline usingiBwave analysis software.

Western Blotting

Protein was extracted from lumbar spinal cord gseallected as above and L3-L5 dorsal
root ganglion as previously described[8,70] fronpexxmental animals (killed via cervical
dislocation) - experimental groups (VEGFR2KO; 52ZeeER? vegfr?" (VEGFRZECK9
mice and 5 vegf? (WT) mice as well as intrathecal DMOG; 5 salineated mice, 5
DMOG treated mice) studies compared to vehicle expmatal controls) as above. In
additional experiments, protein lysate samples \aése extracted from invitro lumbar spinal
cord slices prepared from six C57bl6 male adulterdad slices maintained in Neurobasal
media (supplemented with L-Glutamine, Invitrogengl &xposed to vehicle or ImM DMOG
for 24 hours. Tissue was lysed using RIPA buffehgfmoFisher) containing protease
inhibitor cocktail (20 pl mt1 buffer; 1| mM phenylmethylsulfonyl fluoride, 10 mM sodium
orthovanadate and 50 mM sodium fluoride, Sigma i8lgr Equal protein lysate
concentrations were loaded on a 4%-20% precast-Rfimiean gradient TGX gel (Biorad),
separated by SDS-PAGE electrophoresis and traedfeusing Trans-blot turbo transfer
system (Bio-Rad) to a PVDF membrane. The membraae imcubated in 5% BSA in tris-
buffered saline (TBS)-Tween 0.1% (TBST) for 1 hairroom temperature, followed by

incubation with primary antibodies (table 3) oveiti at 4 °C. The membrane was then
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incubated in secondary antibodies in TBST-0.1%-BS#. Membranes were washes three

times with TBST and visualised on the Licor OdysBey

Spinal Cord Endothelial cell culture

Whole lumbar spinal cords were dissected from 182TieER? vegfr?'" mice (culled via
cervical dislocation) and spinal cord endotheliallss were isolated as previously
described[70]. Spinal cords were incubated in 1.2%#agenase in endothelial cell media
(M199 media, 60mg/ml endothelial cell growth suppémtand 50ug/ml Heparin; Sigma-
Aldrich) for 30 minutes at 37°C, 5% oxygen. Thd sakpension was centrifuged at 240g for
5 minutes. The supernatant was discarded and llet pas resuspended in media with an
equal volume of 1% BSA and centrifuged at 1200g2fdminutes. The BSA/myelin fraction
was aspirated and discarded. The remaining caitpelsuspended in endothelial cell media
and plated onto a 96-well sterile plates coatedh Afbo gelatin. Upon 80% cell confluency,
spinal cord endothelial cells were treated for 24with either media supplemented with
either vehicle (10% ethanol in sunflower oil) or DHCell viability was determined with

Neutral red (Sigma-Aldrich).

Spinal Isolated Neuronal Cell Culture

Spinal cord neurons were dissected as describdrdwer and Torricelli{10]. Whole spinal

cords were isolated from 10 C57BI6 mice (CharlegRikilled by cervical dislocation) and

digested in papain (2mg/ml, Worthington, cat. nd1® for 30 minutes at 30°C. The cell
suspension was triturated using Pasteur pipette.pdiafy neurons a density gradient
separation preparation was performed using OptiFsegma Aldrich) density gradient. The
neuronal containing fraction was collected and rifigied (1100 rpm 2 minutes) to obtain a

pellet. The pellet was resuspended in Neurobasaian@upplemented with B27 and L-
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Glutamine, Invitrogen) and plated on sterile 6 dr @ell plates coated with poly-D-Lysine
(sterile lyophilized 135 kD; Sigma) and 1mg/ml lami Cells were exposed to hypoxia (1%

O,) or normoxia for 24 hours.

Statistical Analysis

All data are represented as meantSEM stated andrimgnter was blinded to group
treatment during experimental procedures. Data a@giired/quantified using Microsoft
Excel and Graphpad Prism 8 Quantification of imnflumyescence was quantified by
obtaining 5 random images from 5 random non-sedplesgctions (Z stacks) per animal and
a mean value calculated per animal. Images werelysath using ImageJ
(https://imagej.nih.gov/ij/) or Imaris 8.11 (Bitpla) to determine vessel diameter and
volume. Dorsal horn neuronal number was determaoedrding to lamina |-V as previously
characterised[23]. Densitometry analysis of westélot was performed using gel
guantification plugin in ImageJ. Mean fluorescenogensity was measured over time
enabling visualisation of vessel perfusion and eipility. Nociceptive behaviour and the
neuron number in the dorsal horn of the spinal seede analysed using Two way ANOVA
with post hoc analysis. Western blot densitome®®,CR, MEA recordings and TRITC
dextran perfusion were analysed using a Mann-Whitast. Video analysis of rodent motor

behaviour was performed using MATLAB[48] and analysising Mann-Whitney test.
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Results

Dorsal Horn Hypoxia Induction

To determine whether increased diabetic neuropaidiic was associated with vascular loss
and hypoxia, we used a rat model of type 1 (stmybtxin induced and insulin
supplemented) that led to the development of mecahiiFig. 1A) and heat (Fig. 1B)
nociceptive behavioural hypersensitivity. This vwessociated with an increase in collagen
sleeves (collagen positive microvessels, negatwvelB, labelled endothelium) in diabetic
animals compared to age matched vehicle controhasi(Fig. 1C and 1D) indicative of loss
of endothelium and vascular rarefaction. Additibnahere was a significant increase in the
number of hypoxic dorsal horn neurons (labellednhwitypoxyprobe) in diabetic animals
when compared with age matched vehicle control alsinfFig. 1E and 1F; Supplemental
Figure 1A and 1B, available at http://links.lww.chtAIN/B597), and a small decrease in the
total number of identified neurons in the dorsatrh@NeuN labelled; Figure 1G-l). These
results indicate that hypoxia caused by loss obdbleessels could play a part in induction of

diabetic neuropathic pain.

We have previously shown that VEGFRY® animals had no change in nociceptive
processing compared with wild type animals and veeteally resistant to hyperalgesia and
allodynia induced by induction of arthritis. To dehine whether these mice had a change in
vessel density, hypoxia and cell number, we stathedspinal cord of these animals after
knockout induction with tamoxifen. VEGFEZ°animals showed an increase in the number
of collagen sleeves (decrease in endothelial coves#tagen positive vessels) compared with
age matched litter mate control wild type animdtgy( 2A and 2B), indicating vascular
rarefaction. Although VEGFR2X did not affect the number of neurons (NeuN latBlia

the dorsal horn across lamina 1-5 (SupplementalurBig2A-C, available at
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http://links.lww.com/PAIN/B597). There was a sigo#ntly increase in the number of
hypoxyprobe labelled neurons in the dorsal hornpgamed with control animals (Fig. 2C and
2D) demonstrating hypoxia as a consequence of VEBSER VEGFRZ“X? mice had a

lower withdrawal latency to heat when compared b Mice (Fig. 2E).

Blood vessel survival has previously been showretpuire endogenous VEGFR2 activation
in tissues including the oesophagus, skin andagligland as well as in other tissues[27,34].
However, it is not known whether VEGFR2 signalliisgrequired for vessels in the spinal
cord, which form part of the blood brain barriere\herefore sought to determine whether
spinal cord vascular endothelial growth factor ZGFR2) signalling is intact in spinal cord
microvessels. VEGF-f&sa was administered directly to the dorsal hornhef $pinal cord,
and vascular permeability measured using intravitelging. VEGF-Aes increased solute
permeability of the blood spinal cord barrier whmmpared to vehicle control (Fig.2F and

2G) which was blocked by treatment with VEGFR2 Initor ZM323881 (Fig.2F and 2G).

Onset of Chronic. Pain due to the Induction of Sbifmrd restricted Dorsal Horn

Vasculopathy

The previous explored experimental models wereesyist rodent models of vasculopathy,
which means that pain processing could be alterdzbth the brain, and peripherally which
could affect sensitivity. To determine whether spioord vascularity per se could regulate
nociceptive processing, we developed a refined inbdé induced vasculopathy restricted to
the spinal cord. Endothelial cells (CD31 positive)ere extracted from WT and
VEGFRZ"™ "™ mice spinal cords (Fig. 3A). Cell viability wastdemined following OHT
treatment. In a concentration dependent manner @&8Iment led to a significant reduction

in endothelial cell viability in VEGFRZ2°*"™ mice spinal cord endothelial cells when
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compared with WT mice spinal cord endothelial céfig). 3B). To determine whether this
was also apparent in vivo, spinal cord endothelsgdecific VEGFR2 knockout
(VEGFRZ®“"9 mice were generated by intrathecal injection diTOinto the lumbar
enlargement. This was confirmed by a reduction BG¥FR2 expression (Fig. 3C QPCR
quantification and Fig. 3G. immunofluorescence Jhia spinal cord of VEGFRZ® mice
when compared to WT mice. In addition, endotheharkers VE-Cadherin (Fig. 3D), CD31
(Fig. 3E) and Glucose transporter 1 (GLUT1, Fig) ®€re also reduced in the spinal cord of
VEGFRZ5“¥° mice when compared with WT mice. Furthermore, VB2E=““° mice had
reduced protein expression of endothelial markRepfesentative Western Blot, Fig. 3H and
guantification of ZO1(Fig. 3I), CD31(Fig. 3J) andctuding (Fig. 3K)) in the spinal cord.
Notably, there was no change in protein expressfaimese endothelial markers (ZO-1 and
CD31) in the lumbar 3-5 dorsal root ganglia of eithVT or VEGFRZ*° mice, showing
that this induction was limited to the spinal cq@upplemental Figure 3, available at

http://links.lww.com/PAIN/B597).

Intrathecal OHT treatment led to significant vasculdegeneration (Fig. 4A) of the
microvasculature in the dorsal horn of VEGERZ® mice, shown as reduced vessel
diameter (Fig. 4B) and decreased volume of totasekcoverage (Fig. 4C). In addition, there
was a reduction in dorsal horn vessel perfusionVEGFRZ®““® mice indicated by

decreased TRITC-Dextran labelled vessels (Fig.4hijs reduction in vessel perfusion was
accompanied by an increase in hypoxyprobe labekedons (Fig. 4F, hypoxyprobe labelled
with NeuN, Supplemental Figure 4A, available atpitiinks.lww.com/PAIN/B597) in

laminae 1-5 in the dorsal horn (Fig. 4G). Thereenso alterations in total neuron number in
the dorsal horn in either WT or VEGFRZ*® mice (Supplemental Figure 4B and C,

available at http:/links.lww.com/PAIN/B597). VEGER=““°mice had heat hypersensitivity
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(Fig. 4H), but no alterations in mechanical withdah thresholds (Fig. 4l) or motor
behaviour (Supplemental Figure 4D, available ap:Htinks.lww.com/PAIN/B597). No
change in heat withdrawal latency or mechanicahavawal threshold was identified in WT

mice following OHT treatment (Fig. 4H and 4l).

Induction of Hypoxia Signalling in the Dorsal Hoxeurons

VEGFRZ€““°mice demonstrated an increase in expression obsdgdnducible Factor
(HIF1la) and Glucose Transporter 3 (GLUT3, Supplementgufé 5A and B, available at
http://links.lIww.com/PAIN/B597) in dorsal horn nems (colabelled with Neuronal marker
NeuN, Fig. 5 A and 5B; Supplemental Figure 5C and Bvailable at
http://links.lww.com/PAIN/B597) and a significamadrease in HIF& mRNA (Fig. 5C) and
that of hypoxia responsive genes Carbonic Anhydxds€CA7, Fig. 5D) and GLUT3(Fig.
5E). Interestingly, increased Hlélvas also increased in a rodent type 1 (STZ indu€rp

5F-1) and type 2 (db/db obese mice, Fig 5J) modetiabetes.

Hypoxia induction and Onset of Chronic Pain

These results all suggest that hypoxia due to Vascless can induce behavioural
hypersensitivity. To test this, the chemical hypomimetic dimethyloxalylglycine (DMOG)
was intrathecally injected into WT mice. 24 hoafter intrathecal injection of DMOG there
was a significant reduction in mechanical withdrbttaeshold (Fig. 6A) and a decrease in
heat withdrawal latency (Fig. 6B) compared with ickh treatment. CA7 expression was
increased in the spinal cord neurons as was GLUIBHIF1x. Additionally, there was an
increased number of dorsal horn neurons expresBisgimmunoreactivity following
intrathecal DMOG injection (Fig. 6C and 6D). Funtiere, isolated spinal cord neurons

presented increased potassium chloride inducedunalmflux following 24hr treatment to

17



hypoxia mimetic (DMOG) when compared with vehicleated samples (Supplemental
Figure 6A, available at http://links.lww.com/PAINEB7). Using multi-electrode arrays on
spinal cord slices (Fig. 6E) we showed increasesklb@e neuronal activity after DMOG
treatment in the dorsal horn aspect (Fig. 6F) coagavith vehicle treated lumbar spinal
cord slices (Fig. 6G). In isolated neurons from thenbar region of the spinal cord
(Supplemental Figure 6B, available at http://lihks..com/PAIN/B597) exposed to differing
environmental oxygen conditions; normoxia and hyp@%%) resulted in an increase HiF1
(Figure 6H), CA7(Figure 61) and GLUT3(Figure 6Jh.addition, KCC2 was downregulated

(Supplemental Figure 6C, available at http://livka..com/PAIN/B597).

Carbonic Anhydrase Mediated Hypoxia Induced Chrdtam

We identified that CA7 was upregulated followingduction of hypoxia by VEGFR2
knockout in spinal cord endothelial cells. To detee whether this mediated neuronal
hypersensitivity we reproduced this by treatmenthwbMOG for 24hrs, which showed
increased protein expression (Fig. 7A represeratiestern blot) of HIFtE (Fig. 7B) and
CA7 (Fig. 7C) compared with vehicle treatment. Jamhy, intrathecally administered
DMOG led to increased protein expression (Fig. épresentative western blot) of HiE1
(Fig. 7E) and CA7 (Fig. 7F). The non-selective ocaib anhydrase inhibitor Acetazolamide
(ACZ) delivered via intraperitoneal injection attetted DMOG induced nociceptive
behavioural hypersensitivity. ACZ increased mectanwithdrawal thresholds returning to
comparable thresholds to the control group (Fig). 7milarly, heat withdrawal latencies
were increased to normal values in the DMOG treatquerimental cohort (Fig. 7H). ACZ
also increased withdrawal latencies in VEGERZ© mice, partially restoring them towards

vehicle treatment (Fig. 71).
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Discussion

Chronic pain is induced through alterations in peat activity, with the vascular system
playing a key role in the manifestation of longatepain hypersensitivity through induction

of pro-inflammatory signalling[12]. Here we have péred how vascular dysfunction

through curtailed blood flow and subsequent hypatidhe level of the spinal cord could
modulate nociceptive processing. Currently thoseharisms associated with induction of
central sensitisation are fundamental to the dewetnt of neuropathic pain, with chloride
and bicarbonate homeostasis integral to GABA mediaikcitation. In this study we identify

that reduced blood perfusion of the spinal cordiog® hypoxia mediated activation of dorsal
horn spinal neurons and chronic pain manifestatiomportantly chronic pain behaviours

were suppressed by inhibition of carbonic anhydeasioity.

Vasculopathy, VEGFR?2 signalling and Nociception

Impairment in nervous system blood flow is highlysaciated with the development of
neurological disease e.g. Alzheimer’s, dementiggAbwhilst also a fundamental cause of
ischaemic disease of the nervous system suchasegtB]. The underlying mechanisms by
which the somatosensory system residing in thera@emnkervous system adapts to such
fluctuations in the microenvironment remain uncldavestigations presented here suggest

that a reduction of the vascular supply to theapiord is sufficient to initiate pain.

Chronic pain is a highly prevalent pathological dition, affecting large proportions of the
population, with the onset and severity correlatéth progression in age and/or disease[17].
Incidentally capillary health is also greatly irdluced by age and disease, with a decline in

vessel number and increased frequency of vasoathgrtone associated with neurological
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pathology[37,45]. Endothelial degeneration in thaal cord capillary network is implicated

in the development of neuropathic pain[70], witlsdoof endothelial specific VEGFR2

signalling highly attributable to the manifestatiaf pain hypersensitivity. Vascular

endothelial growth factor 2 (VEGFR2) signalling iistegral for the development and

maintenance of vascular function in health anda$isethrough maturation of the capillary
network[19] and regulation of vessel permeabilif[@t]. In neurological disease, alterations
in VEGFR2 signalling results in vascular defectsl asonsequently a decline neuronal
function[52,53,67]. Furthermore, supplementatiothw/EGF-A has been shown to prevent
the development of nervous system vasculopathyrigdd the suppression of neurological
disease[7,67,70]. In relation to the spinal cordcGFR2 expression and activity was
attributable to spinal cord endothelium functiom vnanipulation of vascular permeability.
Consequently, we showed that the loss of VEGFR2e=gon in the spinal cord endothelium
led to a reduction in the capillary network throoghthe dorsal horn, supporting the integral
role of VEGFR2 in maintaining capillary health. PAoas work[70] has explored systemic
VEGFR2 knockdown, plausibly influencing a wider text in relation to the somatosensory
network[25]. Current understanding demonstrates thiarovessel functionality within the

spinal cord induces pain hypersensitivity througk tlevelopment of a pronounced pro-
inflammatory environment within the dorsal horn J[1Recent evidence highlights that loss
of endothelial derived tight junctional proteinsdaanhanced inflammatory cell adhesion
drives increased spinal cord vascular permeabliy[ Consequently, impairment in spinal
cord endothelial cell VEGFR2 dependent functionevents vascular permeability and
inhibits the onset of pro-inflammatory derived pdiypersensitivity[7]. Here in this study

VEGFR2 knockdown was restricted to the spinal @ardothelium, enabling interrogation of

the interplay between the vascular and neuronakesys in relation to pain modulation.
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Induction of VEGFR2 knockdown in specifically th@isal cord endothelium leads to

thermal nociceptive hypersensitivity.

Hypoxia induced Chronic Pain

The loss of spinal cord microvasculature in thesdbhorn and subsequent loss of capillary
perfusion was associated with the induction of lyg@aignalling in rodent models of chronic
pain. Neuronal tissue is highly metabolically aetiherefore an established blood supply to
neural tissues is pivotal, with neuronal activitpupled to provision of nutritional
support[14]. As a consequence of this, neuronhigitdy sensitive to fluctuations in oxygen
and nutrient delivery[15,49], with neuronal inteégrcompromised by diminished nutritional
support. Changes in the neural tissue environmestt as diminished tissue oxygen level are
detrimental to neural tissue integrity, alteringurmmal activity leading to pathological
neurological disabilities, seizures and cognitivepairments[44]. Following induction of
vascular degeneration and induction of hypoxia rapims, neurons in the dorsal horn
increased levels of neuronal activity. This acyivilas been observed in rodent models of
chronic pain[66], and in spinal cord damage obskrve diabetic neuropathic pain
patients[1,62]. In addition, hypoxia as highlightedthis study is a significant causative
factor in the onset of pain hypersensitivity. Hoeevother factors are also culpable in
neuropathic pain development, including metabolgtulbances and inflammation, which

need to be consider during the timecourse of dialneuropathic pain.

Impaired blood flow to the peripheral sensory nes/gystem induces exacerbated pain
behaviours in rodents that is accompanied by erdthiperipheral sensory activity[56,64]
typifying onset of chronic pain states followingsealar occlusion. Currently there are few

published investigations into the relationship kesw the dorsal horn neuron at the level of
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the spinal cord and reduced blood flow. Howeveatuotions in blood flow and consequently
tissue oxygen level impairs motor neuron activitgderlying the significance of blood flow
to neuron function[37]. In this study using rodemtdels of vasculopathy that induce chronic
pain we demonstrated pronounced hypoxia signaltirthe dorsal horn of the spinal cord, in
association with neuronal activation. Increasedresgion of C-fos (marker of neuronal
activation) was accompanied by elevated expreskuals of hypoxia markers hypoxia
inducible factor la (HIFla), glucose transporter 3 (GLUT3) and carbonic anhyel 7
(CA7). Previously exploration of the impact of hym® upon the sensory neuron
demonstrated the dorsal root ganglia sensory neigr@ctivated under such low oxygen
conditions[28,55]. Furthermore, development of diab neuropathic pain is inherently
associated with a neurovascular disruption withucgdns in oxygen attributable to sensory
neurodegeneration[54]. Dorsal horn neuronal agtivéts previously been demonstrated to be
influenced by hypoxia and Hllklactivity[28]. Reductions of HIFd expression in dorsal root
ganglia sensory neurons was associated with angesii the number of c-fos expressing
neurons following peripheral sensory neuron adtwgf8]. However, hypoxia induced
expression of neuron specific GLUT3 and CAR7 higiis a putative adaptation of the
dorsal horn neuron to- alterations in the tissuereeicvironment, underlying plausible
avenues by which synaptic plasticity may evolveimalerlie chronic pain manifestation. Of
interest, we saw no change in DRG vessel markeitseiVEGFRZF*C andyet changes in
pain behaviour were seen, suggesting that while Di&§ contribute, there is also significant

spinal cord involvement.

Identifying those neuronal adaptation mechanisnspaesible for modulation of neuronal
function and synaptic plasticity are integral ine tlunderstanding how chronic pain

develops[40,50]. Dysregulation of GABAergic signal is widely recognised in the
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development of chronic pain states through diffeaémegulation of chloride, potassium and
bicarbonate homeostasis[41]. Crucially loss of psitan chloride cotransporter 2 (KCC2) in
the spinal cord leads to the onset of chronic jpaith dorsal horn neuronal excitation[38,41].
KCC2 inhibition or downregulation (such as in times pathological pain and hypoxia
reduced KCC2 activity) leads to accumulation ofdnellular chloride. Subsequent activation
of GABA receptor A (GABA) leads to efflux of chloride leading to excitatiofithe dorsal
horn neuron. Disturbances in GARAunction, involving KCC2 expression and activitg]2
have been implicated at spinal cord level to cbaote to diabetic neuropathic pain
development[35]. However, recent evidence iderdifieat regulation in the transport of
chloride and bicarbonate influences spinal -cordromal activation and chronic pain
states[5]. GABA not only induces chloride efflux but bicarbonaealso transported out of
the neuron. Consequently, suppression of bicarkosghthesis via carbonic anhydrase
activity through administration of acetazolamideC@ inhibits dorsal horn neuron activity
and nociception at the level of the spinal cordf2R, ACZ inhibits dorsal horn neuron
function and is implicated in the inhibition of O tic neuropathic pain states[36]. Similarly,
our work shows that hypoxia induced pain can beliana¢ed by ACZ treatment, which in
part is driven by hypoxia induced upregulation AA7TCexpression. CA7 is a cytoplasmic
isoform that utilises carbon dioxide and water tmtsesise bicarbonate. In relation to
neuronal function it has been established thathen Hippocampus that GABAmediated
neural excitation is dependent upon intracellulacatbonate levels maintained via
cytoplasmic carbonic anhydrase activity[71], witATassociated with aberrant hippocampal
neural activity responsible for seizures[59]. Farthore, CA7 is expressed in the spinal
cord[59] in predominantly excitatory neurons, alomgh membrane bound CA12[11][61].
However, a CA7 knockout mouse demonstrated noagibes in nociceptive behaviour in

comparison with a control mouse. Of note, that wxplored naive animals and our results
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highlight that CA7 is expressed at low levels iglsan instance. It is plausible that induction
of GABA disinhibition such as in a pathological pastate driven by hypoxia, such as in

diabetes, would be needed to induce CA7 dependesbsy neural excitation.

This study presents a novel mechanism that activexeitatory neuronal networks in the
spinal cord to initiate chronic pain. By understiawgdthe intrinsic plasticity of the sensory
neural network in relation to the impact of specifisease states upon the somatosensory

nervous system enables greatly informed developofemivel analgesics therapies.
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Table 1 — List of Primary and Secondary Antibodesimmunofluorescence

Biotin conjugated isolectin RIB4; 1:100, Sigma Aldrich),

PECAM (1:100, Santacruz),

Rabbit anti-CD31(1:00, Abcam),

Chicken anti- NeuN(1:500, Synaptic systems),

Chicken anti Map2 (1:500, Millipore)

Rabbit FI10:13C-conjugated antihypoxyprobe (1:28@oxyprobe*TM, Omni kit),

Mouse anti-CD31 (1:100, Abcam),

Rabbit anti-fos (1:100, Santa Cruz)

Mouse anti-NeuN (1:200, Millipore),

Guinea pig anti-NeuN (1:100, Synaptic Systems),

Mouse anti-Hifla (1:100, BD Bioscience),

Rabbit anti collagen IV (1:200; Abcam)

Glut3 (1 in 200: Alomone)

Biotinylated anti-rabbit IgG (1:500, Jackson Lalores) (*for- cfos)

Secondary antibodies (1:500, all Invitrogen, UKedisvere Alexa Fluor 488-conjugat

chicken anti-mouse, Alexa Fluor 555-conjugated @gnlanti-rabbit and streptavidir

conjugated Alexa Fluor-555

D

=
1
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Table 2 — List of Primers Used

b-actin F — 5 ATTGCCAATGAGCGGTTC-3

b-actin R — 5 GGATGCCACAGGACTCCA-3’

CD31 F -5 GAAATGCTCTCGAAGCCCAG-3’

CD31 R -5 ACCTCGAGAGTCTGGAAGTC-3’

VE- cadherin F - 5 TCCCTGGACTATGAAGTCAT-3’

VE- cadherin R - 5 GAAGACAGGGGGCTCATCCA-3’

VEGFR2 F - 5 GGATCTGAAAAGACGCTTGG-3’

VEGFR2 R -5 TGCTCCAAGGTCAGGAAGTC-3

Carbonic anhydrase II- F: 5 CAAGCACAACGGACCAGA-3’

Carbonic anhydrase II- R: 5 ATGAGCAGAGGCTGTAGG-3

Carbonic anhydrase VIl F: 5 CAATGACAGTGATGACAGAA-3

Carbonic anhydrase VIl R: 5 TCCAGTGAACCAGATGTAG-3

Carbonic anhydrase F: 5° CTGAAGACAGGATGGAGAAG-3’

Carbonic anhydrase R: 5 GCAGAGTGCGGCAGAATG-3’

GLUT1 F: 5" CATCCTTATTGCCCAGGTGTTT-3'

GLUT1 R: 5 GAAGACGACACTGAGCAGCAGA-3

GLUT3 F: 5 GGAGGAAGACCAAGCTACAGAG-3

GLUT3 R: 5 GAGCTCCAGCACAGTCACCT-3

HIF1-alpha F: 5 TGCTCATCAGTTGCCACTTC -3’

HIF1-alpha R: 5 TCCTCACACGCAAATAGCTG -3’
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Table 3 — List of Primary and Secondary Antibodaswvestern blotting

HIF1-alpha anti mouse (1 in 100, BD Bioscience)

Actin - Rabbit polyclonal anti- Beta Actin (1 in @®anta Cruz)

Actin - Goat polyclonal anti- Beta Actin (1 in 2@anta Cruz)

Tubulin — anti-rabbit anté tubulin (1 in 1000, Cell Signalling, #2144)

Z0O-1 - rabbit anti-ZO1 (1 in 500, Invitrogen, G#&i1-7300)

Occludin - rabbit antoccludin (5ug ml™, Invitrogen)

CD-31 mouse monoclonal anti-CD31 (2ug/ml, Abcam2AB90),

CA-7 rabbit (1 in 500, Cell Signalling, PA5-103703)

Vascular Endothelial Growth Factor 2 (VEGFR2) —hiatanti VEGFR2 (1 in 500, Ce

Signalling, #2479)

Licor donkey anti-goat, anti-rabbit and anti-moas¢ibodies 1:10000
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Figure Legends

Figure 1 — Dorsal horn hypoxia develops in a rodemddel of type 1 diabetic neuropathic

pain

Type 1 diabetes was induced in rats by intrapes@bninjection of streptozotocin
supplemented with insulin. Diabetic rodents devetbpgfA] decreases in mechanical
withdrawal threshold and [B] reduced latencies ¢athwithdrawal compared to age-matched
control animals (Naive). [C] Cryosections of thersdd horn from Naive and Diabetic
experimental groups were stained for basement mamebfCollagen IVV) and endothelium
(IBy). [D] In the diabetic dorsal horn there was reductin endothelial coverage of the
basement membrane (i.e. increased sleeves) comipaage matched naive animals (n=5 per
group, ** P<0.01 Unpaired T Test). [E] Representatconfocal microscopy images of
hypoxyprobe (HP) positive neurons (NeuN Labelled)he dorsal horn of the spinal cord in
naive and diabetic cryosections (co-labelled widuN, scale bar = 5n ). [F] Mapping of
the dorsal horn laminae demonstrates increasedxigpabe positive neurons/lamina in
diabetic animals when compared with naive contnohals (*P<0.05, **P<0.001 Two Way
ANOVA with Tukey’'s multiple comparison, n=5 per gq@. [G] In the diabetic rat dorsal
horn, there were reductions in neuronal numbeamita 2 and 3 of the dorsal horn when
compared to naive Sprague Dawley female rats dsn{f8<0.05 Two Way ANOVA with
Tukey’'s multiple comparison, n=10 per group). [HidResentative image of images acquired
following omission of primary antibody; negativentml and mapping of [I] dorsal horn

lamina.

Figure 2 — Vascular endothelial growth factor maatidn of the spinal cord blood

vasculature
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[A] Dorsal horn cryosections were imaged via coafanicroscopy to identify microvessels
(Collagen IV - basement membrane and +Bendothelium, scale bar = &) in WT and
VEGFRZF*® mice, a systemic transgenic model that was indusét intraperitoneal
administration of Tamoxifen. [B] In VEGFRZ*® mice there was a decreased percentage of
microvessels positive for both endothelium (IB4daollagen IV (i.e. increased sleeves)
compared to WT mice (n=5 per group, ** P<0.01 Ungai T Test). Both WT and
VEGFRZ“° mice were treated via intraperitoneal injectionhghoxyprobe. [C] Confocal
microscopy of the dorsal horn was used to idertifgoxyprobe (HP) labelled neurons (co-
labelled with NeuN, scale bar = @®) in WT and VEGFRZ*? mice. [D] VEGFRZK°
mice had increased percentage of hypoxic neuramss&clorsal horn laminae 1-5 compared
to WT mice (*P<0.05, **P<0.01, **P<0.001 Two WayMOVA with Tukey’'s multiple
comparison, n=5 per group). [E] Heat hypersensjtigeveloped in VEGF2*® mice when
compared to WT controls (**P<0.001 Two Way ANOVA ittv Tukey’s multiple
comparison, n=10 per group). [F|] To confirm VEGFR@nalling in the spinal cord,
microvessels were identified in the dorsal horheflumbar region of the spinal cord in C57
BI6 mice. 100mg/ml sodium fluorescein was admimedevia intraperitoneal injection, with
data acquired via time lapse confocal imaging ahgwor recording of solute permeability
(Ps, scale bar = 20m). Representative images of fluorescein fillednowessels in the spinal
cord from experimental groups - PBS control andcés Endothelial Growth Factor:&a
(VEGF-Assa, 2.5nM) with either vehicle (0.01% DMSO in sa)imer VEGFR2 specific
antagonist ZM323221 (100 nM). [G] VEGRs#@ treatment led to increased fluorescein
leakage from the dorsal horn microvessels (**P<0@ie Way ANOVA with Tukey’s
multiple comparison, PBS n = 5, VEGFRsA +vehicle n = 6). Treatment with ZM323881
attenuated VEGF-As induced vascular leakage (**P<0.01 One Way ANOVithwl ukey’s

multiple comparison, VEGF-#s + ZM323881 n = 7).
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Figure 3 — VEGFR2 knockout in the spinal cord inekitocalized vasculopathy

[A] Spinal cord endothelial cells (NG2 CD319) were isolated from WT and
VEGFRZ" 2 transgenic mice (scale bar =;i0) and [B] cell viability was determined
following treatment with OHT. Endothelial cells extted from WT mice were unaffected by
OHT treatment whereas those from VEGERZ™ mice demonstrated a concentration
dependent reduction in cell viability(*P<0.05, **49.001 Two Way ANOVA with Tukey’s
multiple comparison, n=3 per group). [C] Intratheiogection of JuM OHT into the lumbar
region of the spinal cord of VEGFR# ™ mice (VEGFRZF“9 led to reduced VEGFR2
MRNA expression in the lumbar spinal cord compavid similarly treated WT mice. There
were reductions in mMRNA expression of endothelpcdic markers [D] VE-Cadherin, [E]
CD31 and [F] GLUT1 (*P<0.05, *P<0.01, Unpaired B, n=5 per group). [G] VEGFR2
immunoreactivity was reduced in CD31 labelled miessels (scale bar = @®) in the
dorsal horn of VEGFR® mice. [H] Representative immunoblots show redunstidn
protein expression of endothelial markers in thedar region of the spinal cord from
VEGFRZE°K° mjce. Densitometric quantification demonstrateduoed protein expression
of [I] ZO1, [J] CD31 and [K] Occludin in VEGFRF*° mice (**P<0.01, Unpaired T Test,

n=5 per group).

Figure 4 — Spinal cord VEGFR2 knockout induced uvlgmathy causes hypoxia and chronic

pain
[A] VEGFR2***“°mice have degeneration of the dorsal horn endathe days following
intrathecal injection of hydroxytamoxifen (OHT),ghiighted by the representative confocal

images of the CD31 labelled endothelium (scale &0 um). OHT treatment led to [B]
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reduced vessel diameter and [C] decreased veskehean VEGFRZFK° mice (*P<0.05,
***P<0.001, Unpaired T Test, n= 4 per group). [DRITC dextran was intravenously
injected into terminally anaesthetized WT and VEGQER*° mice and TRITC Dextran
positive perfused vessels identified as outlinedhm representative confocal images (scale
bar = 50um). [E] In VEGFRZ2®“¥° mice there was less TRITC Dextran in the dorsahho
compared with WT mice (**P<0.01, Unpaired T Test, B per group). [F] Representative
confocal images of Hypoxyprobe labelled neuronslébelled with- NeuN) in the dorsal horn
of WT and VEGFRZF*° mice (high power images = 50n). [G] There was an increased
percentage of neurons positive for hypoxyprobeach laminae 1-5 across the dorsal horn in
VEGFRZEK° mice (***P<0.001 Two Way ANOVA with Tukey’s multle comparison,
n=5 per group). [H] VEGFR¥““°mice developed reduced withdrawal latencies to heat
(***P<0.001 Two Way ANOVA with Tukey's multiple coparison, n=16 per experimental
group). [I] No change to mechanical withdrawal #iveld was observed (n=16 per

experimental group).

Figure 5 — Spinal cord vasculopathy induces H¥elxpression in neurons in the dorsal horn

[A] 8 days after OHT treatment Hlklprotein immunoreactivity was increased in neuroins
the dorsal horn in VEGFRZ*® mice (Representative confocal images of WT and
VEGFRZEK© co-labelled with NeuN,high power images = pfh). [B] There was an
increase in the percentage of dorsal horn neurompsessing HIF& in VEGFRZECKO
(*P<0.05, Unpaired T Test, n=5 per group). mRNAuwfification from lumbar spinal cord
samples demonstrated increased expression of [E]laH{*P<0.05, Unpaired T Test, n=5
per group), [D] CA7 (*P<0.05, Unpaired T Test, npé&r group) and [E] GLUT3 (**P<0.01,
Unpaired T Test, n= 5 per group) in VEGE&Z"® mice. [F] In a rat model of type 1

diabetes and age matched controls HiFitotein immunoreactivity was determined in the
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dorsal horn neurons (Representative confocal imafesive and diabetic co-labelled with
MAP2, high power images = pfh). [G] There was an increased percentage of dbwsal
neurons expressing HIEklin diabetic rats when compared with age-matché&deneontrol
animals (*P<0.05, Unpaired T Test, n= 5 per groJp)} representative western blots
showing an increase HIklprotein expression in lumbar spinal cord protgsates extracted
from types 1 (STZ induced) diabetic rats [I] Deosietry quantification demonstrated an
increase HIF& protein expression (**P<0.05, Unpaired T Test, G=per group) [I]
Immunoblot of protein from spinal cord of type Zabletic mouse (db/db) compared with

controls.

Figure 6 — Chemically induced hypoxia_causes sangeuronal activation in dorsal horn

and initiation of pain hypersensitivity

Intrathecal injection of 1ImM DMOG in C57Bl6 male ¢uiled to [A] lower mechanical
withdrawal thresholds at 5 and 24 hrs as well dsr@8uctions in heat withdrawal latency
when compared with vehicle treated mice (*P<0.05P%0.001 Two Way ANOVA with
Tukey’s multiple comparison, n=10 per group). [CIBJs, a marker of neuron activation,
was increased in dorsal horn neurons (co labelidd weuronal marker NeuN, scale bar = 50
um) following intrathecal DMOG injection (**P<0.01Jnpaired T Test, n=5 per group). [E]
Neuronal activity was recorded in vitro from lumlisuinal cord slices using multi-electrode
arrays and [F] basal neuronal activity heat mapsh@drs following vehicle and DMOG
treated samples generated. [G] DMOG treated lundganal cord slices demonstrate
increased basal neuronal activity compared to \elieated samples (**P<0.01, Unpaired T
Test, n=5). Isolated neurons were exposed to nagvand hypoxic conditions. Hypoxia led

to the increased expression of induced [H] HiIFL] CA7 and [J] GLUT3.
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Figure 7 — Inhibition of Carbonic Anhydrase 7 attetes hypoxia induced pain

hypersensitivity

[A] In vitro lumbar spinal cord slices were treated with eitiehicle or ImM DMOG for
24hrs to determine protein expression of HiFAnd CA7 (Representative western blots),
with [B] DMOG treatment increasing expression of F1a and [C] CA7 compared with
vehicle treatment (**P<0.01, Unpaired T Test, n=ér group). In C57BI6 mice, lumbar
spinal cord protein lysate samples ([D] Represergatvestern blots) 24hrs following
intrathecal delivery of 1ImM DMOG demonstrated aor@ase in protein expression of [E]
HIFla and [F] CA7 compared with vehicle treated aninf&s<0.05, ***P<0.001, Unpaired
T Test, n=3 per group). [G] Intraperitoneal  treatin®f acetazolamide (ACZ) led to
attenuation of DMOG induced reduction in mechanw#hdrawal thresholds and [H] heat
withdrawal latencies (**P<0.01, **P<0.001 Two WaiNOVA with Tukey’'s multiple
comparison, n=6 per group). ACZ treatment led taiceptive withdrawal thresholds
returning to baseline values and comparable toclelireated animals. [I] Intraperitoneal
ACZ inhibited heat hypersensitivity in VEGFRZ*° mice with heat withdrawal latencies
increased compared with VEGFRZ® mice treated with vehicle (***P<0.001 Two Way

ANOVA with Tukey’s multiple comparison, n=5 per gi).
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Figure 3
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Figure 5

A

HIF1a

Actin

VEGFR23¢ECK
(0} R g Y

Relative gene expression
of HIF1a/B-actin

w
1
*

N
1

—_
L

o
L

wT
VEGFR2%ECKO

Spinal Cord Lysate

of CA 7/ B-actin
i

Relative gene expression

Naive STZ Diabetic

4+ — P 4—>

Fr e

‘--n—--

HIF1a
100KDa

Actin
50KDa

WT

Densitometry

scECKO
EGFR2 G

HIF1a/B—actin

- ‘ ‘
¥
&

©
S

o
<

Percentage HIF1a Positive
Sensory Neurons (%)
N B
@ .

o
I

1

VEGFR25eECKO

B o
1 1

N
1

of GLUT-3/B-actin

Relative gene expression

o
1

WT
VEGFR23ECKO

o
?

o
@

|

Percentage HIF1a Positive
Sensory Neurons (%)
N
o

Naive
Diabetic

HIF1a
o~ . 100KDa

Actin
"8 e | 50KDa

Naive Diabetic



B

O it PBS

Figure 6 A

*_ _l.m
T <
2 I
I .
L 1°
(0]
I <
- @
(7]
H s
O
I 1 1
{9} o (o} o
(s)Aousie
£
<
N
©)
o
=
a
= S
ey
- )
(0]
£
@
(7]
®
e}
) 1 1 T
© v o u o
(q\] ~ ~— o o

(B) plousaiyL

- -
T

Vehicle DMOG
Vehicle DMOG

timepoint

o o © O o o W ¥ ® N «~ O
o 0 © <t (qV]

- (puooas/sayids) ajel BuLi
O]

(suoJnau |e10] JO %)
S04 -0 Buissaidxa suoinapN

Timepoint

: *
Normoxia

0.61
0.4+
0.2-
0.0-

unoe-g /€1N19 1o

- uolssa.idxe ausb aAne|ey

|

-
Normoxia

*%

4
3
2
1
0

unoe-g /[IAVD Jo
— Uoissaldxe ausb aAne|oy

00 © < N

Normoxia

0-

unoe-g o} 4|H jo
T Uuoissaldxe susb anlejoy

Hypoxia

Hypoxia

Hypoxia



Figure 7
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