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Abstract

Wind-up is a frequency-dependent increase in theamse of spinal cord neurons,
which is thought to underlie temporal summatiomaéiceptive input. However,
whether spinoparabrachial neurons, which likelytgbate to the affective
component of pain, undergo wind-up was unknowneHee addressed this question
and investigated the underlying neural circuit. $dew that one-fifth of lamina |
spinoparabrachial (SPB) neurons undergo wind-ug paovide evidence that wind-
up in these cells is mediated in part by a netvadrpinal excitatory interneurons that
show reverberating activity. These findings provitgght into a polysynaptic circuit

of sensory augmentation that may contribute toatimel-up of pain’s unpleasantness.
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INTRODUCTION

Wind-up is a type of facilitation observed in spioard neurons in which the
response to repetitive stimulation of peripherdlld@+s increases with each stimulus
[18]. This mechanism of amplification was first desed over fifty years ago in
lamina IV spinocervical neurons, where it was showhe a frequency-dependent
phenomenon [22; 23]. Since then, this form of afigalion has been observed in a
variety of spinal neurons, including wide dynanmaage (WDR) neurons in the deep
dorsal horn, unidentified neurons in the supeffid@sal horn, and motor neurons in

the ventral horn [32; 44; 45].



It has long been speculated that wind-up couldrdmute to the sensory
experience of temporal summation, the increaskdrperception of pain in response
to repeated stimulation [2; 8]. Consistent witlsthossibility, temporal summation in
response to electrical, thermal or mechanical sétman, is frequency-dependent, and
requires stimulus intensities capable of activa@afibers [1; 3; 20; 21; 40]. Both
wind-up and temporal summation are physiologicatimaisms of amplification that
have the potential to contribute to hypersensttiaitd allodynia following injury, as
suggested by the observations that wind-up is nfi@agnin mice with peripheral
inflammation [17; 18; 35; 38], and temporal summiatis heightened. in pain patients
[12; 25; 28; 39]. Thus, understanding the neumralutis of wind-up is important
because these circuits may contribute to pathcdbgiain [11; 42].

Although wind-up has been studied extensively,@lremain two major
unanswered questions. The first pertains to thectffe component of pain. Many
earlier studies have focused on amplification dexes, using wind-up in the ventral
horn and/or motor roots as a primary endpoint witiich to tease apart mechanisms
underlying this phenomenon [27; 32; 44]. Wind-ugoabccurs in spinal output
neurons that project, directly or indirectly to thalamus, such as WDR
spinothalamic neurons [45] and spinocervical nesif@2; 23]. Since somatosensory
Input to the thalamus contributes to sensory disioation, wind-up in these cells
could account for the psychophysical phenomenderaporal summation as
manifest by reports of increasing pain intensitthwepeated application of a noxious
stimulus [20]. What remains unclear is whetherehsmwind-up in sensory affective
pathways that mediate the unpleasantness of painal®utput neurons that target
the lateral parabrachial nucleus, which conveyceqtive and thermoregulatory

information, are thought to contribute to the afifez component of pain [5; 14].



However, whether wind-up occurs in spinoparabrd¢®8BB) neurons is unknown.
Given that pain unpleasantness shows temporal stiomjd1], we hypothesized that
wind-up would occur in SPB neurons.

The second unresolved question is whether synapahanisms alone are
sufficient to account for wind-up. The prevailingeory is that wind-up is mediated
by NMDA receptors, which are recruited through leefeof magnesium block that
occurs upon cumulative depolarization in respoagepetitive stimulation [8]. A key
role of NMDA receptors in wind-up is supported b findings that NMDA receptor
antagonists inhibit wind-up of WDR neurons [7; @ntral horn neurons [36], and
motor neurons [43]. Accordingly, NMDA receptor agbaists also reduce temporal
summation in healthy humans [2; 29], and abnoremalioral summation in the
context of injury-induced pain [13; 41]. Howevdretblock of wind-up by NMDA
receptor antagonists is not always complete, rgitia possibility that other
mechanisms are likely to contribute [7; 9; 36].

One possibility is a circuit-based mechanism inclikan excitatory
interneuron network in the dorsal horn acts an dmplindeed, such a circuit-based
mechanism was originally put forth by Mendell is Beminal study, in which he
postulated that wind-up may be due to the revetberactivity in spinal
interneurons that is evoked by afferent C-fibewinpeasoning théif in this period
of time another stimulation arrives to the cordsuims with the ongoing activity to
produce a more intense discharge in the internesitban the one before it [22].”
Consistent with this idea, wind-up is observed wragety of spinal neurons that do
not receive appreciable C-fiber input, indicatihgttthis wind-up must be mediated
through a polysynaptic circuit. However, the natoiréhis circuit, and whether it

contributes to (rather than simply propagating)asup is not clear.



We recently developed ax vivosomatosensory preparation that enables the
recording from lamina | SPB neurons together wélt-type specific manipulation
[16]. We therefore set out to test the hypothelsaswind-up occurs in lamina | SPB
neurons, and that a network of excitatory interoesiis involved in mediating this
amplification. Here, we report that approximatehedifth of SPB neurons show
wind-up upon repetitive stimulation of the dorsabt:. In addition, we provide
evidence that optogenetic activation of excitatatgrneurons is sufficient for wind-
up. This effect is selective for some excitatorywogks since it is observed upon
activation neurons of the neurotensin lineage {Rtaeurons) but not the calretinin
lineage (CF™) neurons. Through optogenetic inhibition, we shbat activity in
Nts™ neurons is required for dorsal root-evoked wind#fipally, our data suggest
that this facilitation is mediated, at least intply reverberatory activity within an
interconnected excitatory network. Together, trstadies show the existence of
wind-up in lamina | SPB neurons, and provide nesight into the underlying neural
circuit basis.

METHODS

Mouselines

The mouse lines used for this study were all oethinom The Jackson Laboratories
and maintained on C57BL/6J background:%ts non-disruptive IRES-Cre
recombinase knock-in at the endogenous Neurotéomiis (Stock number: 017525);
Cr°" a non-disruptive IRES-Cre recombinase knock-ithatendogenous Calretinin
locus (Stock number: 010774); Ai9, enabling Creeatgent expression of tdTomato
(Gt(ROSA)26SgpoCACtdToma0) gyqck number: 007909); Ai32, enabling Cre-
dependent expression of an enhanced channelrhodoggin protein,

ChR2(H134)/EYFP (Gt (ROSA)26SB2(CAC-COPAHIIRIEYFP) o ek number:



012569); and Ai35, enabling Cre-dependent exprassi@an Archaerhodopsin fusion
protein (Gt(ROSA)26S8p3>-H(CACaop3/CrRIG 00k number: 012735). Genotyping for
these alleles was performed with the following s for Ai9, TdTR (GGC ATT
AAA GCA GCG TAT CC) and TdTR (CTG TTC CTG TAC GGCI& G) were
used to detect TdTomato (196 bp product); for ABBR2F (ACA TGG TCC TGC
TGG AGT TC) and ChR2R (GGC ATT AAA GCA GCG TAT C@kre used to
detect ChR2 (212 bp product); for Ai35, XFPF (GCGA GCG AGG GCG ATG)
and XFPR (CGA TGT TGT GGC GGA TCT TG) were usedatect EYFP (423 bp
product), and for the wild type Rosa allele, Ros&NGGA GCG GGA GAA ATG
GAT ATG) and RosaWTR (AAA GTC GCT CTG AGT TGT TAWere used (~550
bp product).

Four- to seven-week-old mice of both sexes werd usthis study. Mice were given
free access to food and water and housed undefesthlaboratory conditions. The
use of animals was approved by the Institutionah#sh Care and Use Committee of
the University of Pittsburgh.

I mmunohistochemistry

FourNts™™®; Gt(ROSA)26Sdro(CAcdTomatoyqyit mice were perfused with 4%
paraformaldehyde and the lumbar spinal cords fr@molLL3 were dissected and
subsequently post-fixed for 4 hours. Transversm@bon-thick sections were cut on
a vibrating microtome and processed free-floatorgrhmunohistochemistry.
Sections were blocked in blocking solution (10% kdgnserum, 0.1% triton in
phosphate buffered saline) for two hours and intada the following primary
antibodies for 14 hours overnight at 4 C: NeuN Q0 Millipore MAB377) and Pax2
(1:1000, Life Technologies 716000) as well as Biatbnjugated Isolectin B4 (1:200,

Sigma Aldrich L2140). Following three 20-minute \Wwas with wash buffer (0.1%



triton, 1% donkey serum, 0.3 M NaCl), sections waoelbated with Alexa Fluor-
conjugated secondary antibodies (1:500; Life Tetdmes) and Streptavidin-488
(1:500; Thermo Fisher) and for 2 hours at room teraure. Next, sections were
incubated with Hoechst (1:10,000; Thermo Fisheulation for 1 min to label nuclei.
Seven 15-minute washes were performed, and théoseevere mounted on slides
and coverslipped. The dorsal horns were imagedigir@a single optical plane using
a Nikon A1R confocal microscope with a 20X objeeti®nly cells with clearly
visible nuclei were counted.

Labeling SPB neurons

Four- to six-week-old mice were anesthetized vstiflurane and placed in a
stereotaxic frame. A small hole was made on thd skiin dental drill. A glass
micropipette was used to inject 100 nl of FAST @ill(2.5 mg/ml; Invitrogen) into
left lateral parabrachial nucleus (relative to lalabanteroposterior -0.5 mm; lateral
1.3 mm; dorsoventral -2.4 mm). The head wound Wased with stitches. After
recovery from the anesthesia, the animals fed amtkchormally. The animals were
used for electrophysiology 4-to 7-days later.

Whole spinal cord preparation

For electrophysiological recordings, we used a firedisemi-intact preparation
(Hachisuka et al., 2016). We recorded from neunortise L2 spinal segment, which
are easiest to visualize and record from in thepgration. In brief, five- to seven-
week old mice were deeply anesthetized with urett{ar? g/kg, I.P.) The animals
were perfused transcardially through the left vielg@mwith ice-cold oxygenated (95%
02 and 5% Cg) sucrose-based artificial cerebrospinal fluid (A 8n mM; 234
sucrose, 2.5 KCl, 0.5 Cag;110 MgSQ, 1.25 NakP4, 26 NaHC@, 11 Glucose).

Immediately following perfusion, the skin was irexisalong the dorsal midline and



the spinal cord was quickly excised and placedtd an ice-cold, sucrose-based
Krebs solution. Dura and pia-arachnoid membrane wemnoved after cutting all of
the ventral and dorsal roots except the L2 roadherright. The spinal cord was
placed in the recording chamber and pinned intoeenber wall made from
Sylguard®. The spinal cord was perfused with Kretlsition saturated with 95%,0
and 5% CQat 30-31 °C. The Krebs solution contained (mM)7 NaCl, 3.6 KCI, 2.5

CaCb, 1.2 MgC}, 1.2 NaHPO,, 25 NaHCQ and 11 glucose.

Patch clamp recording from dorsal horn neurons
Neurons were visualized using a fixed stage upmagletoscope (BX51WI Olympus
microscope, Tokyo, Japan) equipped with a 40x waterersion objective lens, a
CCD camera (ORCA-ER Hamamatsu Photonics) and mosgteen. A narrow beam
infrared LED (L850D-06 Marubeni, Tokyo, Japan, esioa peak, 850 nm) was
positioned outside the solution meniscus, as pusiyodescribed (Hachisuka et al.,
2016; Pinto et al., 2008, 2010; Safronov et al730To record from Nf® neurons
in optogenetic experiments, mice were generatechédrdored both Ail4 and Ai32
alleles, and cells were identified by expressiotddbmato. SPB neurons located
within 20 um from the surface of the dorsal hornmenidentified by Dil labeling.
Whole-cell patch-clamp recordings were made witiAaopatch 200B
amplifier with a Digidata 1322A A/D converter coolted by Clampex software
(version 10), all from Molecular Devices. Patchgitp electrodes had a resistance of
6-12 MQ when filled with a pipette solution of the follawg composition (mM); 135
potassium gluconate, 5 KCI, 0.5 Ca@ EGTA, 5 Hepes, 5 ATP-Mg, pH 7.2. Alexa
Fluor 488 was added to aid in visualization. Theadeere low-pass filtered at 2 kHz

and digitized at 10 kHz. The liquid junction potehtvas not corrected.



Cell recordings were made in voltage-clamp modweéting potentials of -70
mV to record excitatory postsynaptic currents (ERSDd current-clamp mode to
record action potentials (APs). Frequency of EP&EEAPs were analyzed using
MiniAnalysis (Synaptosoft, Inc.). The L2 dorsal tawas stimulated by suction
electrode with 100 us durationdAiber evoked responses were considered
monosynaptic if the latency remained constant vtherroot was stimulated at 20 Hz
and there was no failure and C-fiber evoked resgongere considered monosynaptic
if there was no failure at 2 Hz (Nakatsuka et¥999). To investigate wind-up, dorsal
root stimulation was applied at 2Hz and the nunti@ction potentials (APs) after
each stimulation (0.5 s window) was counted. Tltema used to define the presence
of wind-up were that the maximum number of APs afdgast five and more than
twice as many action potentials were evoked inolse to subsequent stimuli as

were evoked in response to the first stimulus.

Optogenetic activation

During patch clamp recording, photo stimulation \@pplied to the spinal cord
through the objective lens (40x) of the microscofith a Xenon lamp (Lambda DG-4,
Sutter Instrument). A Lamdba DG4 (Sutter Inst.) wasd for optogenetic stimulation,
where switching between filter positions (0.5 msswontrolled by a TTL pulse from
the output of the A/D converter. We used a GFRrfiltentered around 485 nm) for

activation of ChR2 and a Cya3 filter (centered a6685 nm) for activation of Arch.

Light power on the sample was 1.3 mW/farfio examine whether the recorded

neuron received mono- or polysynaptic input frorsfineurons, we applied 0.1 Hz
photo stimulation (5 ms). Input was considered nsgnaptic if there was no failure
and the latency jitter was smaller than 1 ms [E6}. blue light-induced wind-up, we

applied 2 Hz photo stimulation (5 ms), using thesavind-up criteria as root-evoked



wind-up. To test whether activation of Nfsprimary afferents caused wind-up, blue
light pulse of the same light source was appliedthendorsal root, which was
approximately 7 mm away from the spinal cord ancefeough to prevent blue light-
induced ChR2 activation in the spinal cord.
RESULTS
Dorsal root-stimulation induces wind-up in onefifth of lamina | SPB neurons.
To determine whether wind-up develops in SPB nesived used aax vivospinal
cord preparation that preserves intact spinal timqcand enables whole-cell
recordings from SPB neurons in lamina | (Figs. 1)Ad& described previously [16].
Following the injection of Dil into the lateral @drachial nucleus, retrogradely
labeled lamina | SPB neurons were identified faording with epifluorescence and
then visualized in bright field by oblique infrare&D illumination to establish
whole-cell patch recording (Fig. 1C) (Hachisukalet2016; Szucs et al., 2009).
Electrical stimulation of L2 dorsal root at 0.5 Hdicited a stable response to
each stimulus in most cases (Figs. 1D, bottom &ndlhck trace). However, at 2 Hz
stimulation, there was a progressive increase iméiber across the period of
stimulation in 12 of 67 lamina | SBP neurons stddi€igs. 1D, top and 1E, red trace).
In these neurons, there was a 299 + 70% increabe imaximum number of evoked
APs by the end of the 10-pulse train relative mrtimber of APs evoked with the
first pulse. This effect was in marked contrashi® absence of a change in the
number of evoked action potentials (6 + 11%) inrdmaining neurons (Fig. F).
Importantly, and consistent with previous charaz#ions of wind-up, the increase
in the evoked response to dorsal root stimulatignificantly reduced by the NMDA

receptor antagonist APV (50 uM; Fig. 1G). Thus,dvup is observed in ~20% of



lamina | SPB neurons and, like in other spinal aesy it is NMDA-receptor
dependent.
Neurotensin lineage neurons are sufficient for wind-up in lamina | SPB neurons
To identify spinal neurons potentially underlyirgtreverberating circuit
hypothesized by Mendell [22], we screened for Qedes that would enable genetic
access to subsets of excitatory neurons. ThENiiele was selected because it is
relatively specific for excitatory interneurons anthrgets a broad population in the
dorsal horn. To determine the distribution of thesks, we analyzed L2-L3 spinal
dorsal horns from mice harboring both the®ftand the Ai14 tdTomato reporter
alleles, which were co-stained for NeuN, a markerenrons, Pax2, a marker of
inhibitory neurons, and IB4, a marker of non-pegtiic afferents that was used to
help delineate boundaries within the dorsal hosing the ventral aspect of IB4 as a
boundary that corresponds approximately to thedrdodtween high threshold C-
fiber and low threshold A-fiber inputs, we foun@tiNt$™ neurons represent 13 +
1% of neurons within the superficial dorsal hord 82 + 2% of neurons within the
intermediate dorsal horn (n =4 mice). Aimost 88 ¢ 1%) of the NfS® neurons
were deemed to be excitatory as evidenced by tbenak of Pax2 staining (Fig. 2A)
[6; 30]. Since the genetic population defined bgf#mediated recombination is
somewhat broader than that defined by neurotensieip expression in adult mice
[15], we refer to the Nt population as neurotensin-lineage neurons.

Because we wanted to know whether stimulation sf'Riheurons alone was
sufficient to drive wind-up in lamina | SPB neuroitsvas first necessary to confirm
that we could consistently activate Nfsieurons expressing ChR2 with blue light

(Fig. 2B). We found that brief (5 ms) blue lightpasure typically induced one AP in

10



ChR2-expressing Nt& neurons, which could follow at 2 Hz (Fig. 2C) wiHailure
rate of less than 5% (4 £ 3%, n = 16 cells).

Having confirmed that it was possible to selecthattivate NtS™ neurons,
we next sought to determine whether selective attia of these neurons was
sufficient to drive wind-up in lamina | (Fig. 2Dfor the sake of ease in this
preliminary screen, we analyzed unidentified laminaurons (rather than
retrogradely labeled SPB neurons). Optogeneticuéinon at 2 Hz caused a robust
wind-up in six of nine neurons (Figs. 2E-F), inding that Nt§™ interneuron activity
is sufficient for wind-up. To determine whether agenetically-induced wind-up by
excitatory neurons in the dorsal horn occurs ipoese to the stimulation of any
excitatory neuron subpopulation, we assessed thadhof optogenetic stimulation of
Cr“" neurons (Fig. 2G). Calretinin is expressed in ~2%eurons in the superficial
dorsal horn, of which 85% are excitatory [33; 3¥hough optogenetically-evoked
action potentials were observed in lamina | neurgren application of blue light,
wind-up was not detected upon activation of'®meurons (Figs. 2H-1). Thus, the
selective activation of some, but not all, excitptoeurons are sufficient to induce
wind-up in lamina | neurons.

Next, we turned to the analysis of lamina | SPBraes, since these output
neurons may be involved in the affective compomémain. Notably, although some
of the input from primary afferents onto laminaREneurons is direct, the majority
occurs through polysynaptic connections (Figs. 3ArBising the possibility that an
excitatory network could contribute to wind-up amlina | SPB neurons. To test this
possibility, we examined the effect of optogenstinulation of Nt§™ neurons (Fig.
3C). Blue light stimulation of N&® neurons at 2 Hz caused wind-up in 11 of 18

(61%) lamina | SPB neurons (Figs. 3D-E). Thus, getetically-induced wind-up

11



was observed in a significantly larger populatibtamina | SPB neurons than dorsal
root-evoked wind-up (p < 0.01, Fisher Exact tdstsome neurons, the peak response
to the wind-up protocol was achieved by tHeod 7" stimulus in the train, with a
decrease from this peak response observed tortremiag stimuli (e.g., Fig. 3D).

We suggest that this decrease may be due to aatigadion-induced inactivation of
voltage-gated sodium channels. Like dorsal rookedavind-up, the Nt$® mediated
wind-up of lamina | SPB neurons was blocked by AP\. 3F) and showed
frequency dependence (Figs. 3G-H).

An important consideration is that, in additioretcitatory spinal
interneurons, the Nt§ allele causes recombination in approximately 1@%rionary
afferents, which are mainly small diameter celtg] anclude both peptidergic and
non-peptidergic subtypes (data not shown). To addiee potential role of Nt§
primary afferents in optogenetically-induced wingl-we compared the responses of
a given lamina | SPB neuron to optogenetic stinmmapver the cord (Fig. 3C) to that
observed over the root (Fig. 31). As before, optagie stimulation over the cord
induced wind-up (Fig. 3K). In contrast, optogenstimulation of the Nfg® afferent
input was not sufficient for wind-up in lamina | Blaeurons, even though in all cases
it was sufficient to drive action potentials in sleecells (Figs. 3J-K). Thus, although
we cannot rule out a possible contribution frormaniy afferents, wind-up in lamina |
SPB neurons by optogenetic activation of the"Ropulation likely requires activity
in neurotensin lineage neurons in the dorsal horn.

Neurotensin lineage neurons are required for wind-up in lamina | SPB neurons
While activation of the local Nt& network is sufficient for wind-up in lamina | SPB
neurons, whether the Nf§ network normally mediates wind-up that is obsenvpdn

electrical stimulation of C-fibers remained uncleBs address this question, we

12



examined whether dorsal root-evoked wind-up isiahetl upon optogenetic
inhibition of neurotensin lineage neurons with Aaerhodopsin (Arch), a light-driven
proton pump. To determine whether green light-imduactivation of Arch was
sufficient to inhibit Nt§™ neurons, we recorded from these neurons in voltaue
current-clamp (Fig. 4A). Green light hyperpolarizZetth-expressing Nt neurons
(10.3 £1.4 mV, n =13 cells) and blocked dorsaltttevoked action potentials in
these cells (Figs. 4B-C), thereby confirming thigcaty of this optogenetic strategy.

8" neurons blocked root-

Next, we addressed whether optogenetic inhibitioNt
evoked wind-up in lamina | SPB neurons. Towards #md, we identified lamina |
SPB neurons that showed wind-up upon electricadigtition of the dorsal root and
then we repeated the stimulation in the presengessin light to inhibit N{g®

neurons (Fig 4D). We found that optogenetic infobitof Nts-"® neurons significantly
reduced root-evoked wind-up (Figs. 4E-F). To gasight into the underlying
mechanism, we performed recordings in voltage-cleorgmalyze the effect of green
light on the input received by a lamina | SPB nestd his analysis revealed that
optogenetic inhibition of Nf&® neurons significantly reduced the excitatory inihatt

is observed upon dorsal-root stimulation, as meashy the net influx of charge
(Figs. 4G-H. Taken together, these findings sugtestactivity in Nt§™ neurons is
required for dorsal root-evoked wind-up.

Nts“"® neurons form an extensive excitatory network.

Our results suggested that NEsieurons are necessary and sufficient for windsup,
the underlying circuitry remained unclear. To addrthis, we analyzed ChR2-evoked
currents in voltage-clamp mode. We found that,calthh a small proportion (2 of 30)

of lamina | SPB neurons did not receive any inpoirf Nts"™ neurons (Fig. 5A),

most showed either monosynaptic and polysynaptleE(16 of 30; Fig. 5B) or
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polysynaptic EPSCs (12 of 30; Fig. 5C). Thus, ttsgamity of lamina | SPB neurons
receive direct or indirect input from Nt&neurons (Fig. 5D). Next, we examined the
connectivity among N° neurons, recording from Nt& neurons while activating
this population optogenetically. In three of 25 Rftseurons, optogenetic stimulation
evoked only a single, large amplitude ChR2-evokadent with very short latency
(=1 ms) due to the opening of ChR2 in the recom#idFig. 5E). However, in most
Nts“"® neurons, this large amplitude ChR2-evoked cumers accompanied by
monosynaptic and polysynaptic EPSCs (Fig. 5F) obygynaptic EPSCs (Fig. 5G).
Together, these findings suggest that“Niseurons form an excitatory network.
Activation of Nts“"® neurons causes reverberatory activity which correlates with
wind-up

The extensive interconnectivity that we observethiwithe NtS™ network raised the
possibility that a polysynaptic circuit-also cohtries to the wind-up of in lamina |
SPB neurons. If so, we reasoned that we oughtetmseonly wind-up of the light-
evoked EPSCs inlamina | SPB neurons, but also@ease in the subsequent
polysynaptic input onto these cells. To investigats possibility, we recorded from
lamina | SPB neurons in voltage-clamp mode in raspdo optogenetic activation of
Nts“"® neurons (Fig: 6A). Blue light stimulation at 2 Hsulted in an increase in both
the blue light-evoked EPSC and smaller EPSCs tilatfed, which appeared to be
due to ongoing synaptic input onto the SPB neukam §B). To quantify this effect,
we measured the net charge influx between stinfibls analysis revealed that the net
charge increase observed upon repeated stimulatisrsignificantly greater in cells

that showed wind-up compared to cells that did (fog 6C).

14



One of the factors that could lead to increasedhatge influx is
reverberatory activity within the network. We foutigt brief (5 ms) blue light
stimulation induced EPSCs (Figs. 6D) that continieggrolonged period of time
(e.g., > 1 s). Given the extended time courseisfrdverberatory activity, we
reasoned that a second stimulus during this tinmédcsum with previous activity,
thereby contributing to wind-up as previously swsigd [22]. To test this idea, we
compared the reverberating activity evoked by glsistimulus between lamina |
SPB neurons that subsequently showed wind-up sethiwat did not. In this
retrospective analysis, we found that in lamin&BSieurons where no wind-up was
observed, there was no difference in the EPSC &reoyduring the 1000 - 500 ms
before optogenetic stimulation compared to the ER&¢qliency during the 500 -
1000 ms after optogenetic stimulation. In contraskamina | SPB neurons where
wind-up was observed, there was a significant emxean the EPSC frequency
observed after optogenetic stimulation comparduefore (Figs. 6E-F). Together,
these findings suggest that wind-up in lamina | $iéBrons is mediated, at least in
part, by a polysynaptic circuit that shows revealbany activity (Fig. 6G).
DISCUSSION
Wind-up is a mechanism of facilitation that is tgbtito account for the
intensification of pain observed with repeated mignged application of noxious
stimuli, a psychophysical phenomenon referred tieagporal summation.
Importantly, both the sensory/discriminative (irgity) and the emotional/affective
(unpleasantness) components of pain are subj¢ettporal summation.
Spinothalamic neurons, which are thought to countetio intensity coding, undergo
wind-up, but whether spinoparabrachial neuronsciwviare thought to be contribute

to unpleasantness coding, are subject to wind-ap,less clear. Our study reveals

15



that lamina | SPB neurons show wind-up in respansepetitive stimulation of the
dorsal root. In addition, we provide evidence tih&t wind-up is mediated, at least in
part, by Nt§™ neurons, since selective activation of these eelis sufficient to evoke
wind-up in lamina | SPB neurons, whereas optogemetiibition of these cells
inhibited dorsal root-evoked wind-up. Finally, alata suggest that the duration of
reverberatory input onto lamina | SPB neurons doutes to the manifestation of
wind-up. These findings provide new insight inte thrcuit mechanisms that could
underlie the temporal summation of pain’s unpletrsess, and uncover a long-
speculated contribution of an excitatory networkhis sensory augmentation (Figure
6E).

Our study reveals that wind-up.in lamina | SPBroas upon optogenetic
stimulation of Nt§™ neurons was more frequent in occurrence tharothegrved
upon electrical stimulation of the dorsal root.lugh the reason for this difference
is not known, we suggest the key role of inhibitogurons within nociceptive
circuits of the dorsal horn are likely to accoumt the difference. That is, primary
afferent input normally recruits activity in inhibry interneurons to effect feed-
forward, feedback and lateral inhibition. In costraour optogenetic stimulation of
Nts“"® excitatory interneurons may have bypassed thigiiitin, thereby shifting the
balance of activity in favor of excitation, leadit@yan increase in the prevalence of
wind-up.

Our data suggest that reverberatory activity withneural circuit contributes
to wind-up lamina | SPB neurons. It has long bgmtalated that interconnectivity
among excitatory interneurons may provide a sutestoa reverberatory activity,
allowing for summation [22]. Under physiologicalndbtions, this summation is

limited by activity in inhibitory interneurons, asidenced by the observation that
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disinhibition by GABA and glycine antagonists caamng-lasting EPSCs by dorsal
root stimulation [4; 10; 26; 37]. Thus, inhibitiomay normally limit wind-up. Since a
decrease in inhibitory tone is frequently seen upg@ury [19; 24], this loss of
inhibition may contribute to abnormal reverberatacjivity, giving rise to both
heightened wind-up and abnormally elevated windhap are observed in

pathological conditions [18].
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FIGURE LEGENDS

Figure 1. Dorsal root-stimulation induces wind-up in 18% of lamina | SPB
neurons.

A-B. Photograph (A) and schematic (B) of recordseg) up in whole spinal cord
preparation. Whole-cell patch clamp recording waslenfrom the lamina | SPB
neurons. C. Infrared (IR) and fluorescent imaga t@mina | SPB neuron that is
labeled with Dil. D. Example traces of wind-up am@wind-up in response to 2 Hz
dorsal root stimulation. E. Wind-up is observedisubset of lamina | SPB neurons in
response to 2 Hz root stimulation. F. Pie chaustiating fraction of lamina | SPB
neurons that show wind-up. G. Treatment with theDMVantagonist APV (50 uM)
significantly reduced wind-up in lamina | SPB nensan response to 2 Hz root
stimulation, which recovered upon wash. Data arameSEM (n = 5 cells, paired;
asterisks indicate significantly different than toh ** p < 0.01, *** p < 0.001,

Two-way ANOVA followed by Dunnett’'s multiple compaon test).
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Figure 2. Activation of excitatory neurons can induce wind-up in laminal.

A. Spinal cord sections (L2-L3) from adit“"®; ROSA®-"" mice were
immunostained to reveal the inhibitory marker Pé2en). The vast majority of
tdTomato-labeled Nt° neurons are Pax2-negative. A single confocal apsiection
of the dorsal horn is shown. For quantificatiorg tientral border of the 1B4 binding
(not shown) was used to demarcate the lower boyrafahe superficial dorsal horn
(SDH); a second boundary, 85 microns below the¢, fivas used to demarcate the
intermediate dorsal horn (IDH). B. Schematic ofagenetic stimulation and whole-
cell patch-clamp recording from tis™" ROSA™-“"R?neuron. C. Optogenetic

<" neuron, which could follow at 2 Hz. D.

stimulation (5 ms) evoked APs in alt
Schematic of optogenetic stimulation and whole-patch-clamp recording from an
unidentified lamina | neuron frofits"™; ROSA26°-“"mice. E - F. Optogenetic
stimulation of Nt§™ neurons at 2 Hz caused wind-up in six out of téameina |
neurons; example trace (E) and summary (F). Datan@an = SEM. G. Schematic of
optogenetic stimulation and whole-cell patch-clamgording from an unidentified
lamina | neuron fron€r"™ ROSA26°-“"*°mice. H-I. Optogenetic stimulation of
Cr°™ neurons at 2 Hz causes APs in lamina | neurorisydwind-up (n = 4 cells);
example trace (H) and summary (I). Data are meS&M.

re

Figure 3. Activation of Nts“"® neuronsinduced wind-up in lamina| SPB neurons.
A. Example traces of dorsal root-evoked EPSCs Hy 2orsal root stimulation.
Purple arrows indicate likely monosynaptic EPSOscty have no failure and small
jitter. Green arrows indicate polysynaptic EPSGd Have failures or large latency

jitter. B. Number of likely monosynaptic EPSCs gadlysynaptic EPSCs observed

upon dorsal root stimulation. Data are mean + SEM (3 cells, ** p < 0.01, paired
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t-test). C. Schematic of optogenetic stimulatiod aole-cell patch-clamp recording
from a lamina | SPB neuron frohits"™ ROSA26°-“"?mice. D — E. Optogenetic
stimulation of Nt§™ neurons at 2 Hz induced wind-up in 11 of 18 lanis®B
neurons; example trace (D) and summary (E). D&arean £ SEM. F. Treatment
with APV (50 uM) significantly reduced wind-up byHz stimulation of Nts™
neurons, which recovered upon wash. Data are mé&iM:(n = 5 cells, paired;
asterisks indicate significantly different than toh ** p < 0.001, *** p < 0.001,

***% p < 0.0001, Two-way ANOVA followed by Dunnett multiple comparison test).
G — H. Optogenetically induced wind-up in lamin8RB neurons occurs upon
stimulation at 2 Hz, but not 0.1 Hz; example tré@B¢and summary (H). Data are
mean + SEM (n = 3 cells, paired; * p < 0.01, * 01, two-way ANOVA followed
by Bonferroni post hoc test). I. Schematic of optogfic stimulation of the dorsal root
and whole-cell patch clamp recording from a lami&®B neuron. J. Example trace
illustrating that optogenetic stimulation of thersla root at 2 Hz does not evoke
wind-up in a lamina | SPB neurons. K. Quantificataf APs following 2 Hz
optogenetic stimulation over the spinal cord (bloiedhe dorsal root (black). Data are
mean + SEM (n = 3 cells, paired; ** p < 0.01, ***0.001, Two-way ANOVA
followed by Bonferroni post hoc test).

Figure4. Inhibition of Nts“"®

neurons blocks dorsal root-evoked wind-up.

A. Schematic illustrating optogenetic inhibitiondawhole-cell patch clamp recording
from theNts""®; ROSA26>-*""neuron. B — C. Optogenetic inhibition of s
neurons blocks root-evoked action potentials ise¢heells, confirming effectiveness
of optogenetic strategy; example traces (B) andhtificzation (C) Data are mean *

SEM (n =5 cells, *** p < 0.001, paired t-test) Diagram illustrating optogenetic

inhibition and whole cell patch clamp recordingadmina | SPB neuron from
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Nts""® ROSA26°-""mice. E — F. Wind-up in lamina | SPB neurons @idiby
dorsal root stimulation was blocked upon optogeriatiibition of Nt§™ neurons;
example traces (E) and summary (F). Data are mexeM (n = 5 cells, paired, * p <
0.05, ** p < 0.01, Two-way ANOVA followed by Bonfeani post hoc test). G.
Example trace of evoked EPSCs following dorsal sbiotulation (DRS) in the
absence (Control) or in the presence (Opto. Inbibjtof green light to inhibit Nfg®
neurons. Shaded area represents under the cureseafs charge. H. Dorsal root-
evoked charge, as measured by area under the ausienificantly reduced upon
optogenetic inhibition of Nf€® neurons. Data are mean + SEM, normalized to cbntro
(n =5 cells, paired; ** p < 0.01; student’s t-dest

Figure 5. Nts"® neurons form an extensive excitatory network.

A - C. Whole-cell patch clamp recording from lamirfaPB neurons upon
optogenetic stimulation of Nt& neurons (0.1 Hz x10, 5 ms duration). Example sace
from recorded cells that received no input (A), m&ymaptic and polysynaptic input
(B), or polysynaptic input alone (C) from Nneurons. D. Summary data; n = 30
cells. E — G. Whole-cell patch clamp recording friits“™ neurons upon optogenetic
stimulation of Nt§™ neurons (0.1 Hz x10, 5 ms duration). Example gdia@m
recorded cells that received no input (E) (inwardent is due to opening of ChR2 in
the recorded cell), monosynaptic and polysynapicii, as indicated by the blue
arrow (F), or polysynaptic input alone, as indiddbg the green arrows (G) from
Nts“"® neurons. H. Summary data; n = 25 cells.

re

Figure 6. Activation of Nts“"® neurons causes rever ber atory activity which
correlates with wind-up
A. Diagram illustrating blue light stimulation dfts""®; ROSA26°-“"*?neurons

during whole-cell patch clamp recording from thenilaa | SPB neurons. B. Blue light
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stimulation at 2 Hz resulted in an increase of E®®BCG SPB neuron which showed
wind-up. C. In SPB neurons that show wind-up, therefrequency dependent
increase in net charge onto the recorded cell érea under the curve) of each
stimulation, which is significantly different thahat observed in lamina | SPB
neurons that do not undergo wind-up. Data are mie®EM (n = 11 and 7 cells for
blue light evoked wind-up and no wind-up, respestiy* p < 0.05, Two-way
ANOVA). D. Single blue light stimulation (5 ms) dits°™ neurons evoked persistent
EPSCs in alamina | PBN, indicative of reverbenatmtivity. E. EPSCs in lamina |
PBN neurons observed before (green box) or aftemb box) a single stimulation (5
ms) of Nt§"™ neurons with blue light. Lamina /| SPB neurons swisequently
showed wind-up are shown in blue (n = 9); thosé thawed no wind-up are in red
(n =9). Data are mean + SEM. F. A comparison efrtimber of EPSCs 1000 - 500
ms before optogenetic stimulation (green box imoEhat 500 — 1000 ms after
optogenetic stimulation (brown box in E). In lamin&PB neurons that do not show
wind-up, there is no significant change in the nemdf EPSCs before and after a
single optogenetic stimulus (red), whereas in lanineurons that do show wind up,
there the number of EPSCs after optogenetic stiimoul#s significantly greater than
before (blue). Data from individual neurons as vaslimean + SEM are shown (n = 9;
* p <0.05, student’s t-test). G. Model: During wtap, primary afferent input is
amplified by a network of excitatory Nt§interneurons that synapse onto each other
as well and other excitatory interneurons (Ex)rebg generating reverberatory

activity, which contributes to wind-up in lamin&PB neurons.
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