Aus der Institut fur Pharmakologie der Universitat Heidelberg
(Geschaftsfuhrender Direktor: Prof. Dr. med. Marc Freichel)
Abteilung fur Molekulare Pharmakologie

(Direktorin: Prof. Dr. Rohini Kuner)

Spinal cord circuits underlying dynamic and punctate
allodynia in inflammatory pain & Cellular basis for

prefrontal modulation of inflammatory pain by fear

Inauguraldissertation
zur Erlangung des Doctor scientiarum humanarum (Dr. sc. hum.)
an der
Medizinischen Fakultat Heidelberg
der

Ruprecht-Karls-Universitat

vorgelegt von
Sheng Liu %1%
aus Zunyi, Guizhou, China

2021



Dekan: Herr Prof. Dr. med. Hans-Georg Krausslich

Doktormutter: Frau Prof. Dr. Rohini Kuner



Table of Contents

1 INETOAUCHION. .. ... 1
1.1 Acute and Chronic inflammatory pain..................ccocoeveveeeveeeccceeeeeeeeeeee, 1
1.2 Peripheral sensory neuron related to nociception...............cccoceeeeivivieeiininrenennnn. 2
1.3 Spinal cord circuit related to nOCICEPHION............ocoovevevieieiieieiceieceece e 4

1.3.1GAte CONTIOL. ..o 5
1.3.2 Spinal GABA inhibition..............cooooiiiiiiceeeeeeeeeee e 7
1.3.3 Pre- and postsynaptic GABA inhibition...............cccccoooveveiiiiiciie, 7
1.3.4 Pathological changes of presynaptic spinal GABA inhibition................... 9
1.4 Allodynia circuits in inflammatory pain................cccooooveveeiieicececee 21
1.5 Brain areas related to NOCICEPHION...............ccooviiiviiieiiceeeeeeeeeee e 14
1.6 Role of the prefrontal cortex in pain processing.............c.cccooeeeviriereeerirrereennnn. 15
1.7 Role of the prefrontal cortex in fear................cccocooveveiiieieiiiceccce 17
1.8 Cellular basis of pain and fear in the prefrontal cortex...............cccooovveverriinnnes 19

1.9 IEG-dependent molecular tools to functionally label and manipulate activated
neural enSemDbIES............c.coiiiiieee s 20
1.9.1 Dual-epoch mapping technique to discriminate different pain modality
CITCUIES ..ttt ettt ettt b ettt b et s et s s 21

1.9.2 Tetracycline-off based “dual-tiered” tool to dissection emotion and pain22

1.10 AIMS Of STUAY.......ooviiieiecececeeeeeeeee et 23
2 Materials and MeEthOAS. ........oovooeeeeeeeeeee ettt ettt e et eeeeae e e eeeee 25
DL AIIIMNAL ..ottt 25
2.1.1 TranSEeniC IMICE..........coceieiiieieeiieiieeetee ettt se e 25
2.1.2 Genotype Verification..............ccoevreoirieieiciiieeceee s 26

2.2 BASAl SEIISALIONN. ......c.veeieeeeeeeeeeeeeee ettt et et eee et et e eeeeee st eeeeeeeseeseeeeeesaen 25
2.2.1 Light touch sensation assay..............cccccoeveiieiciereiieiceecceeeeee e 29
2.2.2 Noxious thermal and cold sensation assay...............ccccccoeveevvreeereeennene. 29
2.2.3 Sensory-motor function assay..............ccccceeveveveveeieieiereeeeeeeeeeeee e, 30

2.3 Induction of inflammatory pain................ccccooveveiiiieicicceceeeee, 31
2.4 Testing mechanical and thermal sensitivity..............ccccococeiivieeiiicieccc 32
2.5 Induction of expression of Fos protein and c-fos mRNA..................cccocevnnnen. 34
2.6 Mouse spinal cord tissue preparation.................cccocoeveveeeeeeeeeeeeceeeeeeeeeeenne 35

2.7 Dual staining of tyramide amplificated fluorescent in situ hybridization with
IMMUNOTTUTESCEONT . ...t 35
2.7.1 Plasmid transformation..................ccocooviiiiiiiioee e 36

2.7.2 DNA PIreparation...........cccccoirieuiieuiieieieieeieieieeeetee et 37



2.7.3 RNA probe preparation................ccocoeveveieveeeeieeeeeeeeeeeeeeeeeeeeee e 38

2.7.4 Tyramine Synthesis..............cccocoovovoiiiciiiiiicccc 40
2.7.5 Tyramide-amplified in situ hybridization...............cccccoceveirininieiiinee. 40

2.8 TIMNAZING. ...ttt ettt ettt ettt ettt aeeteete et et eneenas 42
2.9 Cell counting and data analysis...............ccccecveeeviriiieiiieiceecee e 42
2.10 Marker signal image transformation.................c.ccoccoeeveveieveicccceccee e, 43
2.11 Data analysis and statistics.............ccccoeeiiiiiiiiiiicccceee e, 46
2,12 ANIMAL ..o 47
2.13 Virus combination preparation..................cccoeeveveeiereieeeeeeeeeceeeeeeeeee e 47
2.14 Virus injection and optogenetic dual-implants................ccccccooevieieieeiiinnnnen. 48
2.15 Fear condition and recall behavior..................c.cccocooiiiiiiicceeeceee 50
2.16 In vivo optical stimulation.................ccocoveieiiiiiciccccc e 51
2.17 Fear recall teStINg............ccocooiieieiiiieec e 51
2.18 Heat hypersensitivity Hargreaves test...............ccccoovvieveveiiceccciceecce 52
2.19 Aversive related white N0ise test..............cooovviiiiiiiiceeeeeeeeeeee e, 52
2.19.1 Open field teSt..........ocoeuiiiieieeieeeeeee e 53
2.19.2 Elevated plus maze test.............cccooveviiieieiiiceeeeeeeeeeeeeeee e 53
2.20 Heat stimulus and FOs INAUCHON............oooooveoeoe e 54
2.21 Capsaicin-induced acute nocifensive behavior...................ccocooveivvieviinennene. 54
2.22 Fos iImMUNONIStOLOZY ..........c.cooviviieiiieieeeeeeeeeeeee e 55
2.23 Image acquisition and quantification................ccccoevvveeiiineeieeecee 55
2.24 Data analysis and StatiStics............ccccocviiriiriiiicieiecceec e 56
FRESULILS. ...ttt e e et e e e e et et e e e aaann 57
3.1 Conditioned knock-out of GABAAB3 does not impact motor function............ 57
3.2 Impact of conditional GABAA[3 knock out on somatosensation.................... 62
3.2.1 INNOCUOUS tOUCH SENSATION. ......cveeeeeeeeeeeee ettt 62
3.2.2 Innocuous punctate and dynamic mechanical sensation....................... 62
3.2.3 Thermal SeNSatioN..............c.ocvooiiiiiiieieieececeee e 63

3.3 Impact of GABAAPB3 knock-out on the development of punctate allodynia in
CFAOAEL........ooiiii ettt 66
3.4 Discrimination of punctate and dynamic mechanical allodynia circuits using
dual-epoch mapping in spinal cord................cocoioviiiiiiieiceceeeeeeeee e 71
3.5 Intermingled pattern of spinal cord c-fos labelling following punctate and
dynamic mechanical stimuli post CFA Injury............cccccceeivieieeieieieccceeeeees 77
3.6 Conditional deletion of GABAAP3 in nociceptors reduced activation of CR
neurons for punctate but not dynamic mechanical allodynia................................. 87

3.7 Conditional deletion of GABAAP3 in nociceptors reduced activation of PV



neurons for punctate mechanical allodynia...................cocooveveieiiiiiicceceeee, 91
3.8 Analysis of relation between fear-associated and pain-associated neurons
under baseline and inflammatory condition..................ccccoooeiiiiiiiiceie, 94
3.9 Suppression of PL fear engram coding neuron decreases heat
post-inflammatory hypersensitivity.............ccccocoooieviieiieeceeececeee e 101
3.10 Suppression of random neurons in the prelimbic cortex does not impact on
post inflammatory heat hypersensitivity...............cccooeveivieiiiiciicecc 108
3.11 Activation of PL fear engram coding neuron deteriorating acute pain
behavior post capsaicin iNJeCtion................ccccooiiiveieiiieeeceeeeeeeeeeeee e, 111
A DISCUSSION. ...ttt ettt e e e e eaeeeeeeeae e e e e eeesaesereseneeeeeseaeseeseesnesenessneeaes 115
4.1 Motor function of GABAAB3 knock out functions of PSI in mechanosensation
AN DEIAVIOT ...ttt ettt et et eeeeeet et e eae e e st eeeeaeeneenenne 115
4.2 Pain-related sensation change of GABAAB3 knock out..............ccccvviinnnennn. 116
4.3 GABAAP3 deletion from nociceptors impacts on punctate, but not dynamic,
inflammatory allodynia.................ccocooeiiiiieeeeeee e, 117
4.4 An intermingled pattern of punctate and dynamic allodynia
POSt-INflammMAtioN.............c.ocooviiicieecceeeee s 119
4.5 Calretinin neurons participate in the punctate allodynia formation in the
SPINAL COTA..........ooevieieiceeeeeee ettt enns 121
4.6 PV neurons participate in the punctate allodynia formation in the spinal cord123
4.7 Dual-epoch mapping method to discriminate punctate and dynamic allodynia
Circuits in SpINAl COTd............cooiiiiiiieeiceceeeeee e 124
4.8 Partial colocalization of the fear engram with neuronal ensemble activated in
heat pain in the murine prelimbic corteX.............cocooveiviieiiieieeceeeeeeeeeeee 125
4.9 PL fear engram coding neuron activation increase the acute pain perception126

4.10 PL fear engram suppression decrease the heat hypersensitivity in chronic

INflammatory PAIN..........cocoiiviiiiceeceeeeeeee e 127

411 COMNCIUSION. ... .o et e et e e eee e 129
5 SUITIINIATY ......coviitiitieiiiiccteeee ettt ettt ettt e et e ettt e teeteeae e e eveeteenteeseeteesseseeteereesseseeasenseans 131
O RELEICIICE. ...ttt e et e e et et e e eeeeene et eenenaeeeeeeeneenees 136
7 PUDBLICATIONS. ..ottt ettt et e e et et e e eeat et e e eeae et eeeeneneenaes 158
ACKNOWIEAZMENLS. ..ottt s eaenea 159
CUTTICUIUIM VIAE.......ocviiiiiiiiciciee ettt 160
EIDESSTATTLICHE VERSICHERUNG...........cooiiiiiiiieieeeeeeeeee et 161



List of Tables

Table 1. PCR PIIIMETS.......c.cvoviieveeeeeeeceeeeceeeeeeeeeeeee ettt s et ns e ens s s esenseseneaes 27
Table 2. DNA extract reagent MiXtUre...............ccccooeieieiireiieieeieceee e 27
Table 3. PCR reaction reagent MiXture............c.cccooveveuririnieiereeninieieieeieeieseseesesesesssnennes 27
Table 4. PCR reaction ProtoCol..............c.cooviviiiiiiiieeeieeeeeceeeeeeeeeeeeeee e 28
Table 5. Parameters description of CatWalk XT® software.................ccccoeevevevrrrerennnne. 31
Table 6. Plasmid DNA Restriction digest reagent mixture.................ccccoeveveeeveeeverennnn.e. 39
Table 7. DIG labelling probe synthesis reagent mixture................ccccccoceveivieverereirennenn. 39
Table 8. c-fos probe hydrolysis reagent mixture.................ccceceeeririrreeiininieeeeieeeeenens 39
Table 9. TAI-FISH and dual-TAI-FISH primary antibodies...............c.cccccooveveviriurnnnnnne. 42
Table 10. TAI-FISH and dual-TAI-FISH secondary antibodies................c..cccocevenenennn. 42



List of Figures

Figure 1. Illustration graph of gate control theory...............c.ccoocooieviiiiiiiiicceeee 6
Figure 2. Scheme of presynaptic GABA inhibition on nociceptors in different
(6703 T I o) 0TSRRI 12
Figure 3. Agarose gel electrophoresis of PCR products. Genotyping of transgenic mice
using DNA extracted from ear punch tiSSue...............cccooveiiviereiiicicceeeeeeee 28
Figure 4. c-fos in situ probe plasmid Snapgene map and c-Fos in situ probe sequence.37
Figure 5. Schematic of Marker signal image transformation method........................... 45
Figure 6. Voluntary motor behavior and passive locomotor behavior of GABAAB3
KIOCK OUL TTHICE. ...ttt et e et eeae s et et e eeeae st e e eeeeereeeenaeans 59
Figure 7. Home cage behavior of GABAAB3 knockout mice. Different Home cage
behavior parameters of grouped MiCe..............ccoveveiiieiieeieeceeeee e, 60
Figure 8. Changes in static weight parameters of GABAAB3 knockout mice using the
CatWalk system (Noldus). Different static weight parameters of grouped mice.......... 61
Figure 9. The basal touch and mechanical sensitivity of SNS-GABAAB3”/- and
AQVIIIN-GABAABS " TNICE. .......oucevveeeeeeeeeeeee ettt aenas 64
Figure 10. The basal thermal sensitivity of SNS-GABAAB3”/- and Advillin-GABAAB3”/
IXLECE. oottt e et et e e ea e e ea e et e et e eeaeeeaeeeneeea e e e e eeaeeeaeeeneeaneeas 65

Figure 11. Mechanical pain behavior in nociceptor GABAAB3 knock-out (KO) or DRG

sensory neuron GABAABS KO MICE.............cceuiieiiriiiieiceceeeeeeteeeeee e 68
Figure 12. Nociceptive mechanical pain behavior in nociceptor GABAAB3 knock-out
(KO) mice or DRG sensory neuron GABAAB3 KO mice. .........ccccooeivveeeveicveeicen 69
Figure 13. Thermal pain behavior in nociceptor-specific GABAAB3 knock-out (KO)
mice or DRG sensory neuron GABAAPB3 KO mice..........c.ccooveviieriiireieieiceeeeeeee 70
Figure 14. c-Fos expression sample image of noxious mechanical stimuli in the spinal
COT ettt et e et et et e e et ea e et eee e e et et et eneesaeete e eeae et eeeenae et et eeee et eeeanen 74
Figure 15. Time interval test for the dual-epoch mapping method................................ 75

Figure 16. Activation test for dual-epoch mapping method. A, schematic showing
animal groups sacrificed after nociceptive pinprick stimulus at different time points,
Or both of time POINLS...........c.ooiiiiiiceeeeee s 76
Figure 17. Spinal neural activate representations of punctate and dynamic mechanical
stimulation under physiological conditions...............cc.ccocoivviieiieeieeiceeceeee e 80
Figure 18. Spinal neurons activated by punctate and dynamic mechanical stimulation
under physiological cONditions...............c.c.coioveiiiiiiciecee e 81

Figure 19. Spinal neuronal activation representations of punctate and dynamic



mechanical stimulation under inflammation...............cccoooeiiiiieciccccee 82
Figure 20. Spinal neurons activated by punctate and dynamic mechanical stimulation
following hindpaw inflammation...............ccccociririeriininieieecee e 83
Figure 21. Laminar distribution of spinal neurons activated by punctate and dynamic
mechanical stimulation following hindpaw inflammation..................c.cccoooeiiinnnnnnn. 84
Figure 22. Plotting distribution of spinal neurons activated by punctate and dynamic
mechanical stimulation following hindpaw inflammation..................c.cccocoeeiinnnnnnn. 85
Figure 23. Regionally specific of the dynamic and punctate mechanical nociception
under inflammation.............cooooiiiiiii s 86
Figure 24. Spinal CR neuron activate representations of punctate and dynamic
mechanical stimulation under inflammation...............ocooioiie oo, 89
Figure 25. Spinal CR neuron counting of of punctate and dynamic mechanical
stimulation under inflammation of nociceptor GABAAB3 KO mice.........c...ceueurnenne. 90
Figure 26. Spinal PV neuron activate representations of punctate mechanical
stimulation under INflammatION............ooveovio ettt e e eeeeenes 92

Figure 27. Spinal PV neuron activate representations and distribution of punctate

mechanical stimulation under inflammation...............ocooiriee oo 93
Figure 28. Prelimbic c-Fos expression upon hindpaw heat stimulation....................... 97
Figure 29. Prelimbic fear labeling and heat c-Fos expression post-CFA...................... 98

Figure 30. Prelimbic ArchT-Venus and c-Fos expression upon fear recall labeling and
AL STIIMIULUIS. ...t eee e 99
Figure 31. Labeling of the prelimbic fear engram and heat engram under
inflammatory pain cONditions................ccoceiiieiiiciiieieeeeeeeee e 100
Figure 33. Analysis of fear and pain behavior upon optogenetic suppression of the PL
FEAT ENZTAIN.........oiiviiceiececeeece ettt ettt as et ae et et se s s s eaenna 105
FIGUTE Bttt ettt et ne 106
Figure 35. Analysis of fear cue stimulus-activated c-Fos expression upon optogenetic
suppression of PL fear engrami...............ccococvoioiiiieiiiiiccceeeeeeeeeee s 107
Figure 36. Optogenetic (ArchT) suppression of random prelimbic population and
aSSOCIAtEd DENAVIOTAL TESES. .......e ettt et e et e e ae st eeeeeaens 109
Figure 37. Analysis of fear cue stimulus-activated c-Fos expression upon optogenetic
suppression of PL random NEUTONS....................ocvoeeiueuieeeeieeeeeeeeeeeeeeeeeeeeseseseseseenesenes 110
Figure 38. Impact of optogenetic activation of PL fear engram on capsaicin-mediated
TOTUIC PAITL......oeiieiiee ettt ettt ettt et ettt eaeeteese et et e eaeeaeas 113
Figure 39. Analysis of c-Fos expression after optogenetic activation of PL fear engram

OT CAPSALCIN INJECION. ......c.ooviititiieeieeeeee ettt ettt ettt et aseneenas 114

Vi



INTRODUCTION

1 Introduction

1.1 Acute and Chronic inflammatory pain

Pain is an unpleasant vital sensation that signals danger, prevents us from
harming ourselves, and alerts us to injury. However, not all kinds of pain are
coordinated; for instance, in some circumstances, acute pain becomes chronic
and even the strongest analgesics are unable to control this agonizing
sensation or emotional experience. In 1979, the International Association for
the Study of Pain defined pain as “An unpleasant sensory and emotional
experience associated with actual or potential tissue damage or described in
terms of such damage”; however, after 40 years of recognition and research,
the definition was recently revised as “An unpleasant sensory and emotional
experience associated with, or resembling that associated with, actual or
potential tissue damage” (Raja et al. 2020). Pain can be classified into acute or
chronic. In healthy conditions, acute pain is produced by the application of a
noxious stimulus to the receptive field of the nerve center. In pathological
conditions, chronic pain may be more intense and enduring when a noxious
stimulus is applied (hyperalgesia), while harmless stimuli (allodynia) or even
no stimulus at all (spontaneous pain) may also cause pain. Globally, chronic
pain is a significant contributor to disability. One-fifth of the European
population experiences chronic pain, and it also annually impacts the Unites
States economy by 635 billion US dollars, which is higher than that impacted
by heart disease, cancer, and diabetes combined (Phillips 2009). Despite this

burden, the treatment of chronic pain is currently inadequate.

Unlike acute pain as a normal biological warning system, chronic pain is a
result of a complicated interplay between the brain and dysfunctional neural
pathways. Chronic pain lasts more than 3 months after normal tissue healing

time has elapsed. It is originating in the peripheral nervous system (PNS), and
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can be divided into two subgroups depending on the etiology, namely,
neuropathic and inflammatory. Neuropathic pain is caused by a lesion or
pathology change of the somatic sensory nervous system (Colloca et al. 2017).
In contrast, chronic inflammatory pain is owing to injury to non-neural
tissues and the subsequent release of inflammatory factors (Ji et al. 2016).
Most known inflammatory mediators cause pain by binding to receptors of
nociceptive primary sensory neurons (nociceptor) in the peripheral nervous
system that innervate the injured tissues (Basbaum et al. 2009; Gold and
Gebhart 2010). Acute inflammation is a protective response of tissues that
eliminates the initial cause of cellular injury and initiates tissue repair.
Chronic inflammation, in contrast to acute inflammation, is generally harmful
and usually accompanied by diseases like periodontitis, atherosclerosis,
rheumatoid arthritis, and cancer. (Gold and Gebhart 2010). It is unclear
whether acute and chronic inflammation drive acute and chronic pain,
respectively. Pain research recently has demonstrated that neuronal plasticity
is the key mechanism in development or maintenance of chronic pain
(Basbaum et al. 2009; Coull et al. 2005). Peripheral sensitization of injury
receptors is critical for chronic pain development and transition from acute
pain to chronic pain (Reichling and Levine 2009). Central sensitization
(enhancing the response of pain circuits in the spinal cord and brain)
modulates the chronicity progress of pain, leads to pain spreading beyond the
injury site, and impacts the affective and emotional of pain patients (Kuner

and Flor 2016; Reichling and Levine 2009).

1.2 Peripheral sensory neuron related to nociception

Pain signal from external to the spinal cord is produced through the activation
of nociceptive primary sensory neurons located in dorsal root ganglion (DRG)
for the body or the trigeminal ganglion (TG) for the face, namely, the

nociceptors, which could be classified depending on axon caliber, degree of
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myelination, and conductance. Nociceptors could be divided in two major
classes, named as A or C afferent, according to their myelination properties
(Meyer 2008). Medium-diameter myelinated A fibers, rather than
large-diameter myelinated A fibers, mediate acute, localized fast conductance
signals (light touch). In contrast, unmyelinated C fibers from small-diameter
neurons convey poorly localized slow conductance pain signals. These
subpopulations of peripheral nerve fibers detecting intense physical or
chemical stimuli by modality-specific sensory transduction molecules on the
axon terminal innervate the skin, tissues, and internal organs (Julius and
Carlson 2015). Sodium ion channel subtype Nav1.8 is specifically expressed in
nociceptors. Because the gene SCN10A encodes Nav1.8, it was named sensory
neuron-specific (SNS). It plays a crucial role in nociception and chronic pain,
since it is located in free nerve terminals, responds to external stimuli, and
initiated action potentials. (Hameed 2019). Loss of Navi1.8 function could
attenuates pain behavior in animal models. Navi.8-null mice manifest
attenuated response to cold, heat and mechanical stimuli in intraplantar
carrageenan injection model. (Bennett et al. 2019). Nav1.8 null mice also
exhibit decreased pain behaviors from capsaicin or mustard oil injection
inflammatory models (Laird et al. 2002). Selectively pharmacological
blockade of Navi.8 could effectively attenuated mechanical or thermal
nociceptive sensitization in animal (Jarvis et al. 2007). In recent years, some
sensory transduction molecules like transient receptor potential cation
channel V1 (TRPV1) or transient receptor potential cation channel subfamily
M8 (TRPMS8) have been observed, which are specific to sense high noxious
heat and cold sensitivity respectively (Knowlton et al. 2013); however, the
molecules that transduce mechanical pain sensation remain stubborn and
elusive (Caterina et al. 2000). Deletion of major candidate molecules like
Piezo2 for nociceptive mechanical stimuli results in little change in sensitivity
to harmful mechanical pain (Murthy et al. 2018). This may be owing to most
somatosensation modalities being conveyed through the activation of more

3
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than one sensor molecules (Roudaut et al. 2012; Sharif-Naeini 2015).
However, recent investigations of selected population ablation in mice have
revealed sensory output of neurons based on their chemical and biophysical
characteristics. Ablation of Mas-related G protein-coupled receptor subtype D
positive nociceptors in DRG markedly reduce acute and persistent mechanical
pain; however, does not impact thermal sensitivity of animal (Cavanaugh et al.
2009). Alternatively, ablation of the calcitonin gene-related peptide (CGRP)
expression neurons from DRG cause profound loss of noxious heat sensation
but not innocuous or noxious mechanical sensation (McCoy et al. 2013). These
anatomical bases result in a diversity of coding patterns in the manner in
which the organisms perceive the external stimuli. However, this progress also
poses many challenges in interpreting their organization and transmission

patterns.

1.3 Spinal cord circuit related to nociception

The spinal cord not only relays, but also integrates, the peripheral sensory
information that projects to the higher pain processing center. Primary
sensory neurons through the presynaptic terminal innervate the 6 Rexed
layers (Lamina I-VI) of the dorsal horn (DH) of spinal cord, which are the
main components of integrating peripheral sensory input and descending
regulation. Nociceptive afferents from C and A8 nociceptor mostly form the
synaptic contacts in superficial lamina I and II terminals of DH, relaying and
processing nociceptive information. These superficial lamina I and II could be
delaminated by afferent specific marker CGRP and IB4, respectively (Todd
2017). Alternatively, the non-nociceptive information from low-threshold A8
or AP afferents, like touch, generally project synaptic contact to deeper lamina
(III to V) of DH. Extensive research regarding the spinal cord has shown that
superficial lamina neurons mainly respond to noxious stimuli, whereas the

interneurons in deeper lamina are more relay to innocuous touch information
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(Solorzano et al. 2015; Todd 2010b) . These anatomical data suggest that in
the pain caused by touch, neurons from different laminae form a complex

crosstalk circuit (Benarroch 2016).

1.3.1 Gate control

Many potential mechanisms for understanding the crosstalk between touch
and pain have been discovered in previous studies. Overall, the question
leading to allodynia was most noticeable. As per one scenario, peripheral
sensitization following tissue inflammation enables high-threshold
nociceptors to respond to the innocuous stimuli. However, most other
scenarios prefer to be based on the “gate control theory” which first proposed
by Melzack and Wall in 1965 (Melzack and Wall 1965). This theory argues that
nociceptive transmission neurons in the spinal cord superficial lamina also
receive inputs from low-threshold mechanoreceptors. Here, the inhibitory
neurons located at the dorsal horn deep lamina inhibit pain information
transduction from nociceptive neurons through feedforward activation,
thereby controlling the transmission of pain information project to the brain,
such innocuous mechanical information could generally suppress the
nociceptive information flow. Alternatively, the nociceptive information can
also be regulated by descending inputs from various brain regions. In contrast,
under pathological conditions, strong nociceptive inputs induced by
inflammation attenuate the inhibitory inputs from inhibitory neurons or
sensitize transmission neurons; therefore, this loss of inhibition of inhibitory
neurons or descending pathway may both underlie the mechanical allodynia
that usually manifests as chronic pain symptoms (Duan et al. 2014; Gradwell

et al. 2020).
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Central

Gate
Control
System

Figure 1. lllustration graph of gate control theory (Gradwell et al. 2020). Melzack and Wall
(1965) proposed a gate control circuit that was superimposed over the dorsal horn of the
spinal cord. Inhibitory interneurons as mediators of a spinal gate for sensory processing
(marked SG, Melzack and Wall's terminology for substantial gelatinosa cells/neurons).
Inhibitory interneurons reduce dorsal horn output signals conveyed by projection neurons
(labeled T — transmission neurons) when the SG inhibitory neurons are activated by
low-threshold afferent inputs (L). In the Action System, nociceptive afferent inputs (S) suppress
inhibitory interneurons while activating projection neurons and generating pain. Descending

central command signals were also included in this.
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1.3.2 Spinal GABA inhibition

It is widely believed that the loss of inhibition of the spinal cord dorsal horn is
a key mechanism to promote and maintain chronic pain (Guo and Hu 2014).
This inhibition is mainly delivered by inhibitory neurotransmitters. Among
these inhibitory neurotransmitters, y-aminobutyric acid (GABA) is a major
inhibitory neurotransmitter in the brain and spinal cord, which is released
from GABAergic neurons and binds to both GABAA receptors and GABAB
receptors. In lamina I, lamina II, and lamina III of the rodent spinal cord
dorsal horn, GABAergic neurons are occupied 25%, 30%, and 40%,
respectively. (Polgar et al. 2003). Mammalian GABAA receptors are
ligand-gated chloride channels comprising a family of 19 subunits (Olsen and
Sieghart 2009). Despite the large diversity of isoforms, the B3 subunit
(GABAAPB3) localized in DRG and spinal cord dorsal horn plays a
synapse-specific role in GABAergic inhibitory synaptic transmission, while
knockout of B3 could impair inhibitory synaptic transmission (Nguyen and
Nicoll 2018; Orefice et al. 2016). These evidence indicates that the GABAAR3
subunit plays a key role in the inhibitory transmission and plays a

synapse-specific role in GABAergic synaptic transmission.

1.3.3 Pre- and postsynaptic GABA inhibition

Spinal GABA-mediated inhibition can be divided into two different types,
depending on the locus, namely postsynaptic or presynaptic inhibition
(Gradwell et al. 2020). Postsynaptic inhibition occurs post-synaptically at the
connection between an inhibitory interneuron and a neighboring dorsal horn
neuron. In contrast, presynaptic inhibition is attributed to the locus of a
connection between inhibitory interneurons and primary afferents, and refers

to inhibition of the spinal terminal of the primary afferent (Guo and Hu 2014).
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Postsynaptic inhibition in the dorsal horn can be mediated by the
neurotransmitters GABA or glycine. The effect of GABAA receptor activation
critically depends upon intracellular chloride concentration within and
outside of the target neuron. Activation of the GABAA or glycine receptors
induces chloride influx and hyperpolarization of the membrane (Rivera et al.
1999). Prescott et al. demonstrated the value of this interaction for inhibition
integrity, while chloride concentration [Cl-] reversal potential shifting can
compromise inhibitory control and results in hyperexcitability of the spinal
cord dorsal horn lamina I neurons (Prescott et al. 2006). If the intracellular
[CIT] is strong enough to induce the reversal potential of chloride (ECI)
positive to membrane potential (Vm), the chloride permeable pore in the
GABAA receptor opens, resulting in chloride efflux, which depolarizes the
neuron. But if the [Cl] is too low and the ECI is negative to the Vm, the
activation of the GABAA receptor can cause chloride ion influx then induces
neuron hyperpolarization. The Na-K-2Cl co-transporter (NKCC1) is primarily
responsible for chloride accumulation in mammalian neurons, while K-Cl
co-transporter 2 is primarily responsible for chloride extrusion (KCC2).
NKCC1 expression is high in the CNS during development; however, KCC2
expression is poor (Kahle et al. 2008). However, in adult animals,
accompanied with down regulation of NKCC1 in the mature process, an
increase in KCC2 reduces [Cl-]. Therefore, the Ecl is hyperpolarized, which is
markedly low to trigger chloride influx, while the GABAA receptor is activated,

thereby inhibiting the postsynaptic neuron (Guo and Hu 2014).

Frank and Fuortes first proposed presynaptic inhibition in 1957 (Frank &
Fuortes., 1957). Unlike postsynaptic inhibition, presynaptic inhibition is only
mediated by the neurotransmitter GABA. Eccles et al. studied presynaptic
inhibition and demonstrated that the afferent excitatory postsynaptic
potential (EPSP) decrease was cause by primary afferent depolarization (PAD)
(Eccles., 1963; Willis., 2006). In contrast to CNS neurons, peripheral DRG

8
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neurons maintain a high concentration of NKCC1 expression level, while
KCC2 is expressed at a low level or even absent (Alvarez-Leefmans et al. 2001;
Kanaka et al. 2001). Consequently, adult RG neurons preserve a high
intracellular [Cl], causing the chloride reversal potential (Ec1) higher than the
resting membrane potential (Mao et al. 2012; Price et al. 2006). Therefore, the
opening of Cl" channels, and specifically GABAA receptors, allows the efflux of
Cl- and PAD. Several theories have been proposed to clarify how PAD causes
presynaptic inhibition (Rocha-Gonzalez et al. 2008). For example, PAD can
result in the inactivation of voltage-dependent Na* or Ca2* channels, as well as
‘shunting’ effects that disrupt propagating action potentials (APs) along the
afferent fiber (Graham and Redman 1994; Segev 1990). Both pre-and
postsynaptic inhibition have effective pathways to control and gate sensory
signaling in the spinal cord, despite opposite effects on the membrane

potential (Figure 2a).

1.3.4 Pathological changes of presynaptic spinal GABA
inhibition

Pain perception is a result of a redundant and dynamic mechanism, not just a
simple signal relay in the spinal cord triggered by noxious stimuli. Noxious
stimuli are transmitted internally (from the brain) and external (from
non-noxious and/or noxious stimuli) feedback controls the generated signals
through multiple pathways involving different cell types. The malfunctioning
component can disrupt the system's equilibrium and prevent somatosensory
sensations from being coded, resulting in pathological pain such as
hyperalgesia and allodynia. Recently, many studies have resolved the
pathological changes after injury at the cellular circuitry level and some key
components have been identified (Peirs et al. 2015a; Bourane et al. 2015;
Duan et al. 2014; Cheng et al. 2017; Peirs et al. 2021) . However, these findings
do not adequately account for different modes of inhibition (pre versus post)
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in various pain modalities, mainly owing to challenges in selectively

manipulating pre- or postsynaptic inhibition.

Our previous study on a neuropathic pain model suggested that, owing to the
upregulation of intracellular [Cl] in DRG neurons, there is a transient
depolarizing shift in EGABA and a reduction in the conductance of
presynaptic GABAA receptor in DRG neurons immediately after nerve injury
(Chen et al. 2014). Simultaneously, calcium signal two-photon imaging
evidence in primary afferent terminals in the spinal cord dorsal horn also
confirmed the reduction of GABA-mediated presynaptic inhibition effect
(Chen et al. 2014). These changes collectively lead to a reduction of
presynaptic inhibition causing a hypersensitivity post-injury. Alternatively,
presynaptic GABA loses its ability to close the pain gate, and nociceptive
stimuli generates stronger pain (Figure 2b). To specifically determine the
outcome of these changes on pain behavior, mice deficient of GABAA receptor
in primary nociceptors were used to investigate the role of presynaptic
inhibition in pain behavior. Unlike wild-type littermates control,
hypersensitivity in these mice did not further develop after nerve lesions
(Chen et al. 2014). These results suggest that presynaptic GABA inhibition is
essential for the intensity of pain behavior under physiological condition, and

that presynaptic disinhibition is critical for neuropathic pain initiation.

However, such a mechanism may not apply to inflammatory pain conditions.
Although inflammation also ca elevates nociceptor [Cl] in peripheral, the
conductance of the presynaptic GABAA receptor is not diminished (Guo and
Hu 2014). This characteristic rises the depolarization caused by GABAA
receptors, in which a low signal is sufficiently intense to induce action
potentials in nociceptor central terminals. These action potentials could
activate projection neurons in lamina I and facilitate nociceptive processing.
Thus opened the “gate”, then the low-threshold stimuli could also generate a
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pain sensation, which is termed allodynia (Figure 2c). Moreover, Our
colleagues Da Guo et al. investigated the presynaptic GABAAP3 receptor
function with spinal cord slices from complete Freund's adjuvant (CFA)
injected animals using two-photon calcium imaging. They generated
SNS-Ai38 mice harbouring nociceptor-specific expression of the calcium
indicator GCaMP3. Two days after induction of hindpaw inflammation with
injection of Complete Freund’s Adjuvant (CFA), GABA alone could generate
calcium influx in more presynaptic terminals in the spinal cord, which implies
that GABA not only loses inhibitory effect but also lead terminal switch to

excitation in inflammatory pain conditions (Guo 2017) .
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Figure 2. Scheme of presynaptic GABA inhibition on nociceptors in different conditions

(Da Guo, 2017). Both, presynaptic central terminals of nociceptors and postsynaptic projection
neurons are regulated by GABAergic inhibitory interneurons receiving input from A-beta fiber
non-nociceptive inputs. Presynaptic inhibition occurs when synapses form connections with
the primary afferent terminal; otherwise, postsynaptic inhibition occurs when synapses make
connections with the inhibitory interneuron.. GABA inhibition can vary across different
conditions: a, projection neuron regulated by both pre-and postsynaptic inhibition; b,

presynaptic disinhibition after nerve injury; c, presynaptic inhibition switches to excitation.
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1.4 Allodynia circuits in inflammatory pain

A common symptom of patients with chronic pain is allodynia, which
represents pain in response to a normally innocuous stimulus, such as a tactile
stimulus (mechanical allodynia) or a mild change in temperature (heat/cold
allodynia) (Kuner 2010; Kuner and Flor 2016). In contrast to hyperalgesia (an
abnormally increased sensitivity to noxious stimuli), allodynia is triggered by
ordinary touch, stroking, or sensations that are generally pleasant to the
senses. Since the mechanical sensation comprises many aspects, mechanical
allodynia also exists in multiple forms, including static, punctate, and dynamic.
Static allodynia is evoked by pressure in a larger surface, which is generated
by a large probe (> 1 cm) in human studies, commonly measured using
Randall-Selitto assay for animal studies. Alternatively, punctate allodynia is
evoked by a small diameter filament, more akin to a needle prick-like
sensation using von Frey filament measurement in animal studies. Dynamic
allodynia is one of the most distressing and prevalent forms of chronic pain,
which is evoked by gentle touching from clothes, running water, or the wind
blowing on the skin. A fluffy cotton swab or soft brush hairs have been used

for measurements in animal studies (Cheng et al. 2017).

The spinal circuits of dynamic mechanical nociceptive sensitization and their
mechanisms have been well studied. Qiufu Ma’s laboratory demonstrated that
spinal cord Vgult3 neurons in lamina III form a morphine-resistant
microcircuit that is needed for brush-evoked dynamic mechanical allodynia
transmission(Cheng et al. 2017). Cedric Peirs and Rebecca P. Seal have also
performed significant work on this aspect. They reported mechanical pain
requiring the temporary expression of Vgult3 by a separate population of
neurons in the deep dorsal horn, and that stimulation of the cells in adults
results in mechanical hypersensitivity (Peirs et al. 2015a). Next, they

identified additional calretinin (CR) expressing excitatory neurons that
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participate in the dorsal horn circuit for chronic mechanical hypersensitivity.
According to their latest study, these CR neurons in lamina II inner, convey
mechanical allodynia induced by inflammatory injury information from the
Vgult3/CCK neuron in deep lamina III-IV, which convey primarily dynamic
allodynia (Peirs et al. 2021). These result suggest that the deep dorsal horn

neurons also provide critical input to inflammatory mechanical allodynia.

Although the above studies provide a clear account of postsynaptic inhibition
for the circuitry of dynamic allodynia, another aspect of spinal cord inhibition,
namely the presynaptic type, has not been reported. As one of the links of gate
control theory, only postsynaptic inhibition evidence does not provide a
complete view of the mechanical allodynia circuit. The effect of presynaptic
inhibition on mechanical allodynia should be investigated using appropriate

technical means to comprehend the mechanisms of allodynia macroscopically.

1.5 Brain areas related to nociception

Sensory inputs signal from periphery to the spinal cord dorsal horn, where
integration and processing occurs (Todd 2010b). Thereafter, the output signal
from the spinal cord circuit network is sent to several distinct brain centers via
ascending pathways (Finnerup et al. 2021). Pain is a complex sensory and
emotional experience, and the perception of pain appears to be co-coded by
brain centers related to emotion as well as sensory processing (Bushnell et al.
2013). Based on a myriad of imaging studies, there is widespread consensus
that the origin of the pain is not restricted to a single brain area, but rather
results from integrated function across brain networks. For example, a human
functional magnetic resonance imaging study by Wager et al. used a
regression model of pain perception based on machine learning, which the
result shows heat-induced acute pain neurological feature includes
somatic-specific brain areas such as the ventrolateral thalamus, secondary
somatosensory cortex, and dorsal posterior insula, as well as the brain regions
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related to affect and moods, such as the anterior insula, dorsal anterior
cingulate cortex, and medial thalamus (Wager et al. 2013). Although specific
brain regions have been implicated to play an important role in the processing
of pain, such as the cingulate cortex or the anterior insula, it has been
suggested that this process is not only performed by a single brain structure.
There is broad consensus that limbic circuits play a key function in the
emotional regulation of pain and are important in the transition to several
forms of chronic pain. According to a meta-analysis of research using
experimental pain stimuli, the main and secondary somatosensory cortices,
insular cortex, anterior cingulate cortex (ACC), prefrontal cortex (PFC), and
thalamus are all positively correlated with pain (Apkarian et al. 2005). Pain
intensity discrimination activates a ventrally guided pathway that extends
bilaterally from the insular cortex to the PFC, while pain spatial
discrimination activates a dorsally directed pathway that extends from the

posterior parietal cortex to the PFC (Oshiro et al. 2009).

1.6 Role of the prefrontal cortex in pain processing

The PFC is the cerebral cortex area that encompasses the frontal lobe's
anterior part, and is especially well-developed in humans. (Ongiir and Price
2000). The medial prefrontal cortex (mPFC) is composed of granular cortical
areas and agranular regions which encompass the ACC, infralimbic (IL) cortex,
and the prelimbic (PL) cortex. The PFC is a crucial region in executive
activities including planning, problem-solving, and social control. It has the
ability to represent information that is not immediately available in the
environment, and this representational information is utilized to regulate
actions and emotions, including the suppression of inappropriate actions, and
feelings (Goldman-Rakic 1996). The PFC, on the other hand, is critical for
pain perception. The PFC link to other areas such as periaqueductal gray

matter (PAG), thalamus, amygdala, and basal nucleus, which makes it
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relevant to pain. (Ong et al. 2019).

The PAG serves as the primary control center for pain reduction modulation
and pain relief, specifically this input is derived from the mPFC and extends to
the ACC and frontal insular cortex (An et al. 1998). Using tracer approaches,
which microinjection of the neuronal tracer horseradish peroxidase into the
monkey PAG provided retrograde evidence that the dorsal mPFC are the
major origins of cortical PAG projections, according to one research. (Hardy
and Leichnetz 1981). Another research of PFC-amygdala connections found
that inhibiting the paraventricular thalamic nucleus by pharmacogenetic
inhibition reduces visceral pain. The paraventricular nucleus projects to the
mPFC cortical layer, where it inhibits synapse formation with GABAergic
neurons (Jurik et al. 2015). The analgesic effects of the GABA analog
Gabapentin may be linked to the decrease in thalamocortical input. In animal
research, the latter was discovered to be analgesic by reversing the increase in
connectivity between the thalamus and cortex in response to nerve injury (Lin
et al. 2014). All of this evidence points to a strong synergy between PFC and

PAG, working together in the management of pain.

Another important brain area amygdala is involved in fear or phobia
regulation also interconnected with the PFC (Mai JK 2011). On re-exposure to
a context previously conditioned aversive stimulus, the PFC-amygdala-dorsal
PAG pathway may also mediate fear-conditioned analgesia (Butler et al. 2011).
Studies have shown that selective metabotropic glutamate receptor
antagonists could reverse the pain-related reduction and evoke the activity of
mPFC neurons in the arthritic pain model (Ji and Neugebauer 2011). In
another study of rat models with arthritic pain, direct excitatory transmission
in the amygdala was not altered; however, the inhibitory transmission was
increased in the mPFC (Ji et al. 2010). This could occurs through endogenous
activation of GABAA receptors, which leads to abnormally increased
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inhibition of main cells in the mPFC, resulting in decreased output from the
mPFC to the PAG as well as decreased injury resistance. Moreover, it also
reduces the inhibitory effect of the amygdala itself, which may lead to an
uncontrolled amygdala pain mechanism (Neugebauer 2015). mPFC also
causes significant synaptic inhibition of neurons in the central nucleus of the
amygdala, which is reduced in arthritic pain models. (Kiritoshi and
Neugebauer 2018). The evidences presented above demonstrates the
importance of PAG-amygdala-PFC communication in pain and emotion

regulation.

During acute and chronic pain, the PFC changes neurotransmitters and gene
expression, leading to alterations in its structure, activity, and connectivity.
The mPFC can play a dual, opposing role in pain. 1) Owing to its connections
to other cortical areas, it can mediate antinociceptive effects and serve as a
major source of cortical afferent PAG to modulate pain. This is a “cycle” in
which sensory stimuli on one side are converted into perceptual signals
through high brain processing activity, which is then used to control the flow
of afferent sensory stimuli to the CNS at its entrance (dorsal horn). 2) It can
induce chronicity of pain through its cortico-cortical brain projections,
potentially depending on the level of dopamine receptor activity in the ventral

tegmental area-avuncular nucleus reward pathway (Ong et al. 2019).

1.7 Role of the prefrontal cortex in fear

In addition to the roles aforementioned, the PL and IL subdivisions of the
mPFC have been suggested to control the expression and suppression of fear
in rodents, respectively (Giustino and Maren 2015). A fearful memory may
last a lifetime once it has been developed. Extinguishing acquired fear is
possible, but extinction memories are unstable. Fear memories' resistance to

extinction may play a role in the persistence of anxiety and fear disorders.
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Pavlovian fear conditioning is a form of learning used to investigate the
neurobiological underpinnings of anxiety and fear disorders. A harmless
conditioned stimulus (CS; an auditory tone) is combined with an aversive
unconditioned stimulus in a traditional rodent experiment (US; an electric
footshock). After more training, once only presenting the CS could induces a
conditioned fear response, such as freezing behavior (Iwamura et al. 2002;
LeDoux 2000; Maren 2001). Most of the existing fear-related research is

based on such a paradigm.

Recently, PL appears to be implicated in the expression of fear, according to
pharmacological studies. (Laurent and Westbrook 2009; Sierra-Mercado et al.
2006; Morawska and Fendt 2012; Sangha et al. 2014). During behavioral
experiments, some pharmacological apprrochs were employed to temporarily
inactivate the mPFC neurons, allowing for manipulation of the fear circuit at
different time points. For example, PL injection of the Na+ channel blocker
tetrodotoxin, does not prevent the development of conditioned fear, but it
does specificly diminish fear behavior to CS. (Corcoran and Quirk 2007).
Inactivation of PL with the GABA-A receptor agonist might also decrease fear
expression, which is consistent with PL activity is required for fear expression.
(Laurent and Westbrook 2009; Sierra-Mercado et al. 2011). Immediate early
genes (IEGs) c-fos, Arc, and Zif268 are activated in response to stimuli and
have been associated with learning and memory (Davis et al. 2003; Plath et al.
2006). During fear renewal, PL exhibited a significant increase in c-fos
expression (Knapska and Maren 2009). Although suggests that PL plays a
function in fear, it lacks a clear cellular specificity, showing that the
acquisition of fear memories is dependent on complex neural circuits from
distinct neuronal populations. Optogenetic approaches have recently been

used to investigate these queations. Carvalho et al. have shown that fear
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conditioning causes disruption of PL inhibitory-excitatory balance. In this
study, the PL to BLA pathway is crucial for encoding fear memories and may
be engaged in CS stimulation to promote fear state (Arruda-Carvalho and
Clem 2014). Using a similar method, Hiibner et al. further confirmed that
mPFC sends monosynaptic excitatory projections to the amygdala. With
optogenetic activating of inputs resulted in inhibition of mPFC neurons and
promoting disinhibition of amygdala neurons (Hiibner et al. 2014). From
another study, optogenetic inhibition of PV interneurons in the mPFC caused
freezing behavior in intact animals and also regulate fear in fear conditioned
animals (Courtin et al. 2014). These evidence suggests that PL activation is
critical for the formation as well as facilitation of fear memory and that this

same region plays an important role in pain modulation, as described above.

1.8 Cellular basis of pain and fear in the prefrontal cortex

Pain elicits anxiety and fear memory, which this complex biological
interaction is conserved across species (Rusu et al. 2014; Labrenz et al. 2016;
Vlaeyen and Linton 2000; Wiech and Tracey 2013). The cellular and
molecular basis of acute and long-term remote fear memory triggered by
strong aversive stimuli, such as pain, has been foreshadowed the association
between these two distinct but inter-related behavioral states (Rashid et al.
2016; Kitamura et al. 2017; Grewe et al. 2017; Do-Monte et al. 2015;
Frankland and Bontempi 2005; Silva et al. 2009). Discrete corticolimbic
regions are typically triggered through anxiety and pain in human
macroscopic imaging experiments (Labrenz et al. 2016; Wiech and Tracey
2013), and synaptic long-term potentiation and plasticity-related molecules,
such as the calcium/calmodulin-dependent protein kinase IV and cyclic AMP
response element-binding protein, have been identified to play a role in
chronic pain states as well as fear memory modulation (Labrenz et al., 2016;

Wiech and Tracey, 2013). While psychosocial behavioral levels of correlations
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between fear and pain have been identified (Labrenz et al. 2016), the
mechanistic interpretation has remained elusive. In particular, there is a lack
of cellular-level evidence to support macroscopic imaging and molecular-level

findings.

Previously our laboratory has identified cellular assemblies in PL selectively
recruited during tonic pain via IEG gene-based activity-tagging tools,
compared them with memory engrams of remote stage fear recall, and
addressed their functional impact and interactions via optogenetic
manipulations and behavioral analyses. With adeno-associated virus particles
expressing a binary, tetracycline-controlled transactivator (tTA) system in the
mouse prelimbic cortex, we observed about 15% of the neuronal assemblies
activated by capsaicin-induced tonic pain, overlapped with the remote fear
memory engram. using a virus expressing Archeorhodopsin in the TRE-Tight
system, silencing activity of remote fear assembles via illumination with
yellow light (Mattis et al. 2011)(Mattis et al., 2012) led to a striking reduction
in behavior associated with tonic pain perception. This work furnishes the
cellular basis of fear-pain interaction, revealing a powerful synergism between
the prefrontal circuitries for retrieval of learned fear and pain. Despite this,
our understanding of the mechanisms involved in the effects of fear on
long-term chronic pain, and different pain modality is lacking. It will be
interesting to address whether activating prefrontal fears memory engrams at
chronic time points after fear conditioning can facilitate pain perception in

different modality settings of pain.

1.9 IEG-dependent molecular tools to functionally label

and manipulate activated neural ensembles

One of the challenges in pain neuroscience analyses is to understand how the
CNS responds to different stimulus (Anderson and Adolphs 2014). These
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stimuli are thought to be represented or coded by particular neuronal
assemblies or ensembles at the cellular level. Elucidating circuits and
underlying neural mechanisms will help to understand human behavior and
pathological deviations in behavior. IEGs like c-fos, Arc, and Zif268 are
rapidly activated in stimulated neurons, and IEG activation has widely been
utilized to identify stimuli-activated neuronal ensembles using
immunohistochemistry (IHC) or in situ hybridization (ISH) (Hope et al. 1992;
Moratalla et al. 1992; Morgan et al. 1987; Bartel et al. 1989; Cole et al. 1989).
Additionally, co-staining for markers of specific neuronal types
could identify the activated neural ensembles, providing support for tracing
the circuits engaged by stimuli using the IHC or ISH (Luo et al. 2018). Various
approaches have been developed in recent years to expand the usage of IEGs
in CNS activation pattern mapping (Qiye He et al. 2019). Here in this study,
we focused on two IEG-dependent tools to study neuronal activation in

response to external stimuli.

1.9.1 Dual-epoch mapping technique to discriminate

different pain modality circuits

It is often desirable to map the neuronal representations of two different
stimuli at single-cell resolution across the brain. (Kim et al. 2016; Namburi et
al. 2015; Beyeler et al. 2016; Ye et al. 2016; Lammel et al. 2012; Johnson et al.
2010). Experimentally, a single ISH or IHC against does not provide us with
information from both stimuli in one animal. It was also unable to distinguish
between various stimuli by comparing activity patterns between two
different animals due to the heterogeneity in the spatial distribution of
neurons between animals. Chaudhuri et al. were the first to create a strategy
for detecting Zif268 signals combining normal IHC and fluorescent ISH
(I-FISH) to identify neurons engaged by two distinct sensory stimuli
(Chaudhuri et al. 1997; Zangenehpour and Chaudhuri 2001). Xiu et al. were
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inspired by this approach and created another tyramide-amplified I - FISH
(TAI-FISH) to investigate brain activations triggered by two distinct stimuli.
(Xiu et al. 2014; Zhang et al. 2018). Particularly, tyramide signal amplification
was employed in TAI-FISH to increase the signal-to-noise ratio of IHC signals
and more reliably distinguish the protein and mRNA signal levels generated

by two distinct stimuli (Xiu et al. 2014).

1.9.2 Tetracycline-off based “dual-tiered” tool to

dissection emotion and pain

One of the most challenging tasks for IEG-dependent molecular tools is to
reduce IEG activity in the absence of stimulus. To resolve this problem,
“dual-tiered” IEG-dependent tools have been developed in recent years. In
these tools, an IEG promoter drives the expression of a primary effector gene
(the first tier) when being stimulated by the intended stimulus (e.g foot shock).
When triggered by the proper stimuli, an IEG promoter induces the
expression of IEG gene (terms the first tier). But this primary inducted IEG
does not labeling the activated neurons. Instead, it activates a secondary
reporter or effetor gene (terms the second tier) for the actual labeling or
manipulation. An additional layer of temporal control is added into
this two-tiered tool to limit the activity of the primary gene in the absence of
stimulus, and The temporal control mechanism is only eliminated when the
desired stimulus is to be provided, allowing the expression of the second-tier
genes (Kitamura et al. 2017; Reijmers et al. 2007; Matsuo et al. 2008;
Ramirez et al. 2013; Liu et al. 2012; Ramirez et al. 2015; Redondo et al. 2014).
The TetTag transgenic mouse line is such a dual-tiered system (Gossen and
Bujard 1992; Reijmers et al. 2007). In the TetTag mouse, the primary effector
is tTA, an artificial transcription activator. The primary effector in the TetTag
mouse is the tetracycline transactivator (tTA), a transcription activator. Thus,

the secondory effect gene includes a synthetic promoter with tetracycline
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response elements (TREs) that must be coupled by tTA for expression. TetTag
mice are supplied a diet containing doxycycline (Dox), which binds to the
cellular tTA and inhibits it from binding TREs, inhibiting expression of the
reporter or effector gene. A few days before stimulation, the TetTag mouse is
designed to transfer to a diet without Dox. This creates a time window for the
effect gene stimulation, thus the stimulus-induced tTA binds to TREs and
activates the secondary reporter or effector expression. After this, the TetTag
mouse is switched back to a Dox-containing diet. As a result, the expression of
the second-tier reporter and effector gene is rigidly confined to the time
window during which the stimulus is presented. In this way, we can then use

the IEG gene again to label the second stimulus (Qiye He et al. 2019).

1.10 Aims of Study

Presynaptic inhibition has been proposed to play a role in mechanical
allodynia in previous studies. To test this hypothesis, it is necessary to know
the allodynia circuitry alterations in the spinal cord before and after an
inflammatory injury. Further, the perceptual patterns triggered by different
mechanical stimuli after inflammation differ, and the role of presynaptic
inhibition in the different patterns needs to be established. Here in this study,
we attempted to use the dual-epoch mapping technique to discriminate
circuits in different modalities of mechanical allodynia. We used
nociceptor-specific GABAA receptor knock-out mice to study the effect of

presynaptic inhibition on punctate and dynamic mechanical allodynia.

Furthermore, the neuronal basis of the interrelationship between pain and
fear in PL is similarly fascinating. Fear has a distinct function in acute pain,
according to previous research; however, its role in chronic inflammatory pain
remains unknown. Additionally, previous research on the impact of the

prefrontal fear ensemble activation on acute pain perception was incomplete.
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Using the Tetracycline-off-based “dual-tiered” system as well as optogenetic

tools, we explored this uncharted territory.
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2 Materials and Methods

Project 1: Spinal cord circuits underlying dynamic and

punctate allodynia in inflammatory pain

2.1 Animal

The animal experiments are performed in accordance to EU and national
regulations for animal experimentation and all animal work was approved by
the local ethics committee Regierungsprasidium Karlsruhe, Germany
(Reffrance number: 35-9185.81/G-128/17). Mice were housed in groups of
maximal 4 animals per cage in temperature and humidity- controlled rooms

with a 12 h light/dark cycle with access to rodent chow, water and libitum.

2.1.1 Transgenic mice

Cre-Loxp recombination (Cre-loxP) technology were used for conditionally
knocking out the GABAAP3 gene expression specifically in nociceptors or
generally in most somatosensory neurons of the peripheral nervous system.
Two Cre recombinase-expressing mouse lines were used in this study. Cre
recombinase was expressed under the regulatory elements of mouse Scnioa
gene and mouse Advillin gene, respectively in SNS-Cre and Advillin-Cre
mouse lines. The murine Scnioa gene encodes the tetrodotoxin-resistant
Nav1.8 sodium channel and accordingly, the SNS-Cre mice that were
generated by our group (Agarwal et al. 2004) previously show a
nociceptor-specific expression of Cre recombinase. The Advillin-Cre mouse
line was kindly provided by Dr. Paul Heppenstall (Zurborg et al. 2011). The
Advillin gene encodes the homonymous actin regulatory/binding protein

restrictedly expressed in DRG neurons and superior cervical ganglia neurons
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(Zurborg et al. 2011). Gabrb3-loxP mice (B6;129-Gabrbgtm21GehiGeh/J
#008310) were obtained from Jackson Laboratory. Gabrb3-loxP mice possess
loxP sites on either side of exon 3 of gene encoding GABAA receptor (33
subunit (GABAAf3) and mating with Cre-expressing mice enables deletion of
exon 3 in Cre-expressing cells of the offspring (Ferguson et al. 2007). We
mated Gabrb3-loxP mice independently with SNS-Cre mice and Advillin-Cre
mice to generate SNS-GABAAP3 and Advillin-GABAAB3 mice, respectively.

2.1.2 Genotype verification

The genotype of all mouse used in the following experiments was determine
via Polymerase chain reaction (PCR) prior phenotypic analyses and also
verified again at the end of the experiments using primers that are shown in

Table 1.

All DNA samples was extracted from ear punch tissue of mice using DNA
extraction mix reagent (Table 2). Samples were heated on vortex heater (55 °C
/ 1000 rpm) for 5-6 hours (h) or overnight and the temperature was
subsequently increased to 85 °C for 45 minutes (min) to deactivate the
reaction. For PCR, we used MyTaq™ HS Red Mix (Bioline, BIO-25048) to
improve efficiency and accuracy using reaction components as shown in Table
3 and protocols involving different annealing temperatures and reaction cycles
as shown in Table 4. We compared the size of DNA fragments by agarose gel
electrophoresis to determine the PCR products. After completion of the
electrophoresis, the position of the bands relative to the DNA ladder was read
out and the genotype of each mouse was assessed according to the expected

band sizes (Figure 3).
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Table 1. PCR primers

Primer

Sequences 5°-3’

SNS-cre Forward

ACA GAC ATACTC ATAATATTT CTG TGATT

SNS-cre Reverse

GCT GAG TGC AGACATTCT TAC CC

SNS-cre E Reverse

GCG CGC CTG AAG ATATAG AAG A

Advillin-cre Forward

GCACTGATTTCGACCAGGTT

Advillin-cre Reverse

GAG TCATCCTTAGCG CCGTA

Gabrp3-loxP Forward

ATTCGC CTGAGACCCGACT

Gabrf3-loxP Reverse

GTT CAT CCC CAC GCAGAC

Table 2. DNA extract reagent mixture

Reagent Volume(ul)
DirectPCR Lysis Reagent (ear) 97.5
10mg/ml Proteinase K 2.5
Ear Tissue (mm?) Approx. 2
Total 100
Table 3. PCR reaction reagent mixture
Reagent Volume(ul)
ddH20 4.75
MyTaq™Redmix 6.25
Primer 0.5
DNA 1
Total 12.5
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Table 4. PCR reaction protocol

Reaction step Gene Temperature ( °C) | Time(s) Cycles

Heat Lid 110 15
Initial Denaturation 95 60
Denaturation 95 15

SNS-cre 58 39

Annealing Advillin-cre 61 15 32

GABAARB3-loxP 60 40
Extension 72 10
Final extension 72 300
Pause 8 -

SNS

Figure 3. Agarose gel electrophoresis of PCR products. Genotyping of transgenic mice
using DNA extracted from ear punch tissue. + represents positive, - represents negetive, and

+/- represents heterozygote.
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2.2 Basal sensation

To test the effects of the two Gabab3 gene knockouts on the tactile sensory
system, we performed a series of sensory motor tests over a one-week period
followed by three days touch (fur clip and sticky tape tests), thermal (hot /
cold plate tests, acetone test, Hargreaves test), and mechanical (von Frey and

pin prick) sensitivity testing to determine the basal phenotype before injury.

2.2.1 Light touch sensation assay

For fur clip and sticky tape tests, animals were placed in a 20 x 20 c¢m acrylic
transparent chamber and allowed to acclimatiz for 20 minutes. For the clip
test we then clipped a 3 mm wide alligator clip to the hair on the animal’s back
just above the tail. The latency until the animal turned towards the clip or
tried to remove it was recorded within a 180 second period. Three applications
were performed per animal with a 5 minute-interval between applications,

and the average response latency determined for each animal.

The sticky tape test was performed on a separate day. We pasted a 1 x 3 cm
sticky tape (3M, MM1530) along the spine to the back fur skin, and measured
the latency and the number of times the animal turned backwards in an
attempt to remove the sticky tape by biting or licking within a 5

minute-period.

2.2.2 Noxious thermal and cold sensation assay

The hot plate (Dynamic Cold/Hot Plate, Bioseb) was set at 54 °C, and the cold
plate at -5 °C. Animals were placed onto the heated / cooled plate with
surrounding clear acrylic walls and observed closely. The latency of hind paw
reflexes such as flinching, jumping and licking were measured. All animals

were tested once. A cut-off time of 30 seconds was set for the 54 °C and -5 °C
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tests to avoid tissue injury.

2.2.3 Sensory-motor function assay

This series of experiments was performed on a subgroup of experimental
animals as part of baseline phenotype assays using equipment in the
Interdisciplinary Neurobehavioral Core (INBC) of the Medical Faculty of
Heidelberg University.

Briefly, for the Rotarod performance test, the animal was placed on the roller
(Ugo Basile, Italy), and the latency to the animal falling off the roller recorded.

A 300 second cut off period was used.

For the voluntary wheel running test the mouse was placed for 24 hours in
the cage where the animal can freely access the wheel, food, and water. The

wheel running activity was monitored and recorded via a computer.

The automate home cage monitoring system (LABORAS, Metris) was used to
measure habitual behavior patterns from the mouse accurately. We tracked
the total travelling distance, average or maximal speed and other behavioral
parameters that LABORAS software can record, including rearing, locomotion,
climbing, grooming, and immobility behavior. Animals were individually
placed in the cage under standard housing conditions with free access to food

and water. The test started at 8 am and lasted 24 hours.

To assess gait and locomotion a dynamic weight-bearing behavior system
(CatWalk XT, Noldus) was used.. The animal was placed in the access of
tunnel, from where the mouse voluntarily traversed a glass plate towards a
goal box, while the footprints were captured by a camera. The system

visualizes and calculates statistics related to print dimensions as well as the
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time and distance relationships between foot strides. Three trails were

performed on each animal. The parameter details are summarized in Table 5.

Table 5. Parameters description of CatWalk XT® software

Parameter Description
Max , o . .
o The maximum variation in walking speed in the recorded run.
Variation
A The average value of dividing the distance that the animal’s body travelled
verage
s i from one initial contact of the hind paw to the next by the time to travel that
ee
P distance.
Run . . .
. Duration of walking speed in the recorded run.
Duration
Max . . .
. Maximum intensity of the complete paw.
Intensity
Stride ) ) )
The length of animal’s hind paw stride.
Length
Stand . . . . .
. The duration during animal’s hind paw standing.
Duration
Swing . . , :
The phase of the animal’s hind paws during a swing.
Phase

2.3 Induction of inflammatory pain

Inflammatory pain in mice was induced by intradermal injection of Complete
Freud’s Adjuvant (F5881, Sigma), which consists of inactive Mycobacterium
tuberculosis in mineral oil. Animals were anaesthetized with 3% isoflurane
anaesthesia, and 20 pl CFA was injected slowly into the metatarsal region of
one hind paw, using a 25-gauge needle,. The needle was held still for 10
seconds to maintain pressure before withdrawing (Fehrenbacher et al. 2015).
Animal were placed back to the cage after injection and allowed to recover for

at least 24 h before any further testing.
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2.4 Testing mechanical and thermal sensitivity

Animals were habituated on behavior test setups for at least 30 min per day
for two days prior to the baseline tests performed before CFA injection. The
animals were tested again following the CFA injection under identical
conditions. All tests were performed at baseline and on day 1 - 7 after CFA
injection, as well as day 14, 21 and 28 to monitor for potential chronic pain

sensitivity effects.

Mechanical sensitivity was measured with a set of von Frey hairs (in g; 0.008,
0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1, and 1.4 g). Animal were placed in
transparent plastic box sitting on a metal mesh (Ugo Basile, Italy). The
elevated setup allows the experimenter to observe animal behavior while
applying mechanical stimulation with von Frey hair. The hair was lifted
perpendicular to the mid-plantar surface of hind paw until slightly bent, and
held for about 3-6 seconds. A quick withdrawal of the stimulated hind paw or
immediate flinching upon removal of the hair were considered as a positive
response. Other cases, such as a slow withdrawal, or the animal walking away,
required a repeat test. Five trials were applied with each hair with an interval

of at least 5 s (Chaplan et al. 1994).

Dynamic mechanical sensation was assessed as described previously
(Garrison et al. 2012). For dynamic mechanical testing, animals were placed
on the von Frey test setup, and tested after acclimation for 30 minutes. The
cotton swab for the cotton test was prepared with sharp forceps by teasing the
head of a standard cotton swab and puffing it up to approximately three times
of its normal size. For the brush test, small (size 0) paintbrushes were used as

reported (Duan et al. 2014) . For each of these tests, the cotton swab / small
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brush was moved from heel to the toe of the hind paw to provide a gentle
touch on the paw surface. If the animal reacted by lifting, shaking, or licking
the paw, a positive response was recorded. A negative response was recorded
if the animal did not show any such behavior. The application was repeated 10
times with a 5 minute interval between trials. The following scoring system
was used to assess dynamic allodynia: 0, (none-painful response) brief lifting
of the paw; 1, extended lifting of the paw or a single flinch; 2, lateral leg lift
and raise to the body level or a fast jump; 3, multiple flinching or licking of the

paw.

Pinprick stimulation was used to assess noxious mechanical sensation. The
top third of a small insect pin (tip diameter approximately 0.03 mm) was
glued to a 1 gram von Frey filament. For the test, the pin was applied to the
plantar surface of the left hind paw as for the von Frey test. Care was taken not
to injur the plantar skin. If the animal showed nocifensive or aversive
behavior (lifting, shaking, licking of the paw), a positive response was
recorded. A negative response was recorded if the animal showed no such
reaction within 2 seconds of application. The application was repeated 10

times with a 5 minute interval between applications.

The acetone evaporation test was used to assess sensitivity to the cooling
effect (Knowlton et al. 2013). Briefly, before the test, the mice were habituated
for 30 minutes in an elevated chamber with a mesh floor, and a drop of
acetone applied to the plantar skin of the hind paw using a 2 mm diameter
tube attached to a syringe. Both paws were assessed, alternating the tested
paw between stimulations. The application was repeated 3 times for each paw
with a 10 minutes interval between applications. The mouse behavior was
observed within the sensitive period for 1 minute following acetone
application. We used a cooling score to assess the sensitivity of mice to cooling:
0, no response; 1, brief lift, sniff, flick, or scare; 2, jumping, paw shaking; 3,
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multiple lifts, paw lick; 4, prolonged paw lifting, licking, shaking, or jumping;
5, paw guarding.

Plantar test with Hargreaves apparatus (Ugo Basile, Italy) was employed to
examine the sensitivity of animals to thermal stimulation. Mice were placed in
the same type of plastic box used for the von Frey test, but on a transparent
perspex pane instead of metal mesh. A movable infrared light generator with
an intensity of 190+10 mW/cm? under the glass pane was placed under a hind
paw and the infrared heat stimulus applied until the paw was withdrawn. The
withdrawal latency was recorded automatically by the Hargreaves apparatus.
Three or four measurements were taken for each animal with a minimal

interval of 5 min to avoid adaptation.

2.5 Induction of expression of Fos protein and c-fos

mRNA

Animals were divided into two per cage 4 day before stimulation, ensure they
can be processed and sacrificed simultaneously, to avoid cross-influence on
cagemates. In between of these 4 days, animals were habituated in
transparent plastic box sitting on a metal mesh as von Frey behavior test
setups for at least 30 min per day. Inflammatory pain was induced by
intradermal injection of CFA as same as previously discribed. For the sham
control, saline was instead of CFA. Inflammatory pain phenotype was
confirmed by a brief von Frey test on day 1 after injection. Apply the first
stimulus to the mice, which is the innocuous dynamic mechanical stimulated
c-fos protein induction, we used a cotton swab to gently swept from heel to the
toe of the hind paw planta surface, 300 times with a frequency of 0.5 Hz. 2
hours later apply the second stimulus to mice, which is the innocuous
punctate mechanical stimulated Fos mRNA induction, we used a 0.07 gram

von Frey filament lifted to the random position from heel to the toe of hind
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paw until it slightly bent, also 300 times with a frequency of 0.5 Hz. Animals

were sacrificed 30 minutes after second stimulate.

For nociceptive c-fos / Fos induction interval test in spinal cord, we used the
pinprick pin described previously to stab the mid-planta of the hind paw for
20 times as 0.01 Hz frequency, but without any injury or CFA injection. The
time point of the stimulate was 15 mins, 30 mins, 3 hours, 4 hours(Figure).
Animals were sacrificed immediately after fourth stimulate. For TAI-FISH
induction test, we use the pinprick pin as well, and give the first and second
stimulate with pinprick pin, in the same way describe before, at time point
3omins and 2.5 hours. Animals were sacrificed 30 minutes after second

stimulate.

2.6 Mouse spinal cord tissue preparation

Mice were killed with CO. at a planned time point after stimulation. The
animals were perfused with prechilled diethyl pyrocarbonate (DEPC) treated
PBS, followed by a prechilled 4 % PFA fixative solution. To minimize mRNA
degradation and variation between samples, the mice should be sacrificed
within 10 seconds, and perfusion should be completed within 10 minutes. The
lumbar 3-5 spinal cord were dissect and immediately kept in prechilled 4 %
PFA fixative solution for 2 h and then transfer to 30% sucrose-PBS solution at
4 °C for 18 hours. 20 um coronal sections were collected on adhesion slides
(Thermo Fisher, SuperFrost Plus) with a cryotome (Leica, CM1950) and save
in -80°C. All equipments in the tissue processing are cleaned with RNaseZAP
decontamination solution (Sigma, RNaseZAP), and all reagents are based on

DEPC-treated PBS to avoid RNase contamination.

2.7 Dual staining of tyramide amplificated fluorescent in

situ hybridization with Immunoflurescent
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2.7.1 Plasmid transformation

The plasmid DNA for the c-fos in situ probe was obtained from Prof. Dr. Jan
Siemens’s lab as a gift, and the c-fos plasmid DNA sequence map is shown as
following (Figure 4). We transformed the plasmid into E.coli with a normal
protocol of heat shock method (Froger and Hall 2007). After a short
incubation on ice, a 5oul mixture of chemically competent E.coli and DNA was
placed at 42°C for 30 seconds (heat shock) and then placed back in ice. We
added in 950pl of lysogeny broth (LB) medium then incubated E.coli at 37 °C
for 1 hour and shake by 250-300 rpm. After a centrifuge, we removed most
supernatants, then resuspend the cell pellet with the LB medium. 50-100 pl
suspension cell was placed on each LB agar plate containing ampicillin. After
incubated the plates overnight at 37°, we placed one colony to 1-2 ml LB
medium, tipped 3 pl 1:1000 ampicillin in LB, 37°C culture for 6 hours to
amplification the culture. Lastly, the bacterial solution was been secondarily
amplified in 300 mL LB, 37°C culture overnight. The product was used for

plasmid DNA extraction.
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Figure 4. c-fos in situ probe plasmid Snapgene map and c-Fos in situ probe sequence.

2.7.2 DNA preparation

Plasmid DNA was extracted with plasmid DNA maxiprep kits (QIAGEN,12162)
as standard protocol. First, we harvested the bacterial cells from plasmid
transformation by centrifugation, then resuspend the bacterial pellet in a 10
ml resuspension buffer. After added 10 ml lysis buffer, mixed thoroughly by
vigorously inverting the sealed tube 6 times, and incubated at room
temperature for 5 minutes. Next, we added 10 ml of pre-chilled precipitation
buffer, mixed immediately and thoroughly by vigorously inverting 4—6 times,
and incubated on ice for 20 min. Followed a centrifuge, we removed
supernatant containing plasmid DNA promptly, and centrifuged the
supernatant again and removed supernatant containing plasmid DNA
promptly. We next equilibrated a QIAGEN-tip 500 by applying 10 ml
equilibrate buffer, and allow the column to empty by gravity flow. Lastly, we
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applied the supernatant to the QIAGEN-tip and allow it to enter the resin by
gravity flow, and washed the QIAGEN-tip with 30 ml Wash Buffer. We eluted
DNA with 15 ml elution buffer and precipitated DNA by adding isopropanol to
the eluted DNA. Mixed and centrifuged the DNA and carefully decanted the
supernatant. Finally, we washed the DNA pellet with 70% ethanol and
centrifuged it at = 15,000 x g for 10 min, and air-dried the pellet for 10 min,
and redissolved the DNA in 10 mM Tris-HCL (pH 8.5) as 1 pg / uL

concentration.

2.7.3 RNA probe preparation

Plasmid DNA from DNA extraction was linearized with a typical restriction
digest with different enzymes depending on the proposed cutting site of
different hybridization probes as in the following table (Table 6), 37 °C for 1
hour, and stop the reaction in 65 °C for 20 minutes. To synthesis Digoxigenin
(DIG) labeling hybridization probes from linearized DNA templates, here we
used DIG Labeling Mix kit (Roche, 11277065910) and T7 RNA polymerase
(NEB, M2051) or SP6 RNA polymerase (NEB, M0207) according to the c-fos
sense or anti-sense sequence as the following table (Table 7), 37 °C for 2 hours.
For the c-fos probe which is longer than 1.5 kb, to improving the hybridization
signal and reduce the noise, here we hydrolyzed the probe to a smaller size
about 0.5 kb as the following table (Table 8), 60 °C for 12 minutes. Then for all
probes, we purified the probe with 7.5M NH,CH;CO., and wash with 100%
EtOH. With a secondary wash with 70% EtOH, we resuspended the pellet in
50 uL RNase free water and 50 uL deionized formamide and stored the probe
at - 20 °C. For identifying the non-specific binding, we set the sense probe as
the control of the anti-sense probe. All the probes were confirmed by agarose

gel electrophoresis to determine the products.
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Table 6. Plasmid DNA Restriction digest reagent mixture

Probe Reagent Volume(uL)
10 x NEB Buffer (Cutsmart Buffer) 3
Plasmid DNA 12 (30 pg)
RNase free H20 12
""" closanisense  EcoRV-HE
 cfossense xwol i
""""""""""""""""""""""" o 30
Table 7. DIG labelling probe synthesis reagent mixture
Probe Reagent Volume(pL)
DTT 0.1M 2
Transcription buffer, 10x 2
DIG RNA labeling mix 10x 2
Linearized DNA template 1
RNase free H20 12
""" closantisense  Trpoymerase
 cfossense SP6 poymerase 1
""""""""""""""""""""""" o 20
Table 8. c-fos probe hydrolysis reagent mixture
Reagent Volume(pL)
c-fos probe 20
RNase free H.0 21
0.4 M NaHCOs3 5
0.6 M Na2CO3 5
Total 51
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2.7.4 Tyramine synthesis

For signal amplification of in situ hybirdization, a tyramide solution was
synthesized. Tyramide synthesis has been performed according to the method
of Anton et al (Hopman et al. 1998). We first prepared the
N-hydroxysuccinimide solution (NHS), which dissolved Rhodamine-NHS
ester in Dimethylformamide (DMF) as 10 mg/mL; Next for the
DMF-triethylamine (DMF-TEA) solution, we dissolved Tyramine-HCI in DMF
as 1omg/mL, and mixtures with 10uL TEA. For the final Rhodamine tyramide
synthesis, we incubated 10ouL. NHS solution and 30 pL. DMF-TEA solution
together for 2 hours in room temperature, then diluted it with 370 uL 100%

EtOH as a final concentration (2 pg / uL) and stored it at 4°C under dark light.

2.7.5 Tyramide-amplified in situ hybridization
All the reagents prepared for tyramide-amplified in situ hybridization base on

DEPC-treated water or DEPC-treated PBS. All equipment that had been used

was processed with RNaseZap RNase decontamination solution.

For tyramide-amplified in situ hybridization, we first dried out slides at room
temperature for 5 minutes, then washed the slides with ice-cold PBS for 3
minutes, repeat three times. Then for acetylation, we treated slides with
acetylation buffer (50mL water, 670uL. Triethanolamine, 72uL 37% HCI,
125ul. acetic anhydride, prepare immediately) for 10 minutes at room
temperature. The slides were rinsed once with cold PBS, then permeabilized
with 0.3% TX100-PBS, 20 minutes at 4°C. For hybridization, slide was placed
into the humid chamber and apply hybridization buffer (approx. sooul) and
incubated for 1h. Diluted probe (1:75 in hybridization buffer, heat 5 minutes at
80 °C) was applied to the slides (150 upl) and covered with a coverslip,
hybridized overnight at 65°C. Control slides applied sense probe to instead

anti-sense probe.
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For the post-hybridization wash, we washed the slide twice with 2 x SSC /
0.1% N-Lauroylsarcosine / 50% formamide at 60°C. The slide was rinsed in
RNAse buffer (10 mM Tris, pH 8.0, 500mM NaCl, 1imM EDTA), then digested
with 20 pg/ml RNaseA in RNase buffer, 15 minutes, 37°C. After we washed
slides twice with 2 x SSC / 0.1% N-lauroylsarcosine and 0.2 x SSC / 0.1%
N-lauroylsarcosine for 20 minutes at 37°C, slices were rinsed once again with
MABT (maleic acid buffer with 1% of Tween 20) and placed into the humid
chamber. Blocking buffer (MABT with 10% heat-inactivated goat serum and
1% Blocking reagent (Roche, 11096176001) ) was appiled on the slides,
incubated for 1 hour at room temperature. Then the slides were incubated
with anti-DIG-POD (Roche, 11207733910) antibody solution (1:1000 in

Blocking reagent) in humid chamber at 4°C, overnight.

For signal amplification, we first washed with MABT 30 minutes at least 6
times. Then we equilibrated slides 5 minutes at room temperature in TSA
buffer (10 mM imidazole in PBS) and incubated them with TSA staining
solution (Dilute Rhodamine tyramide 1:50 in TSA buffer, add 0.01% H.O.
before use) for 30 minutes at room temperature in the dark. After reaction,
the slides were washed with PBST (PBS with 1% of Tween 20) for 10 minutes

and repeated 5 times at room temperature in the dark.

For immunofluorescent-Tyramide-amplified in situ hybridization co-staining,
here we incubated the tissue with primary antibodies in PBST at 4°C as a fixed
dilution (Table 9), overnight. At the following day, these slides were washed 4
times for 5 min in 0.2% PBST and then incubated with species-specific
fluorescent secondary antibodies (Table 10) in PBST for 1 hour at room
temperature. Finally, we washed it with PBST for 10 minutes, 3 times, then
rinsed with 10mM Tris-HCI for 10 minutes and mounted the slides in Mowiol

mounting medium.
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Table 9. TAI-FISH and dual-TAI-FISH primary antibodies

Antibody Isotype Company Dilution
Anti-Fos Rabbit Abcam 1:1000
Anti-PKC-y Guinea Pig Frontier Institute 1:500
Anti-Calretinin Mouse Swant 1:1000
Anti-1B-4 Biotin conjugate Sigma 1:500
Anti-PV Guinea Pig Swant 1:2000

Table 10. TAI-FISH and dual-TAI-FISH secondary antibodies

Antibody Company Dilution
Donkey anti Rabbit Alexa 488 Invitrogen 1:700
Donkey anti Guinea Pig Alexa 647 Invitrogen 1:700
Donkey anti Mouse Alexa 647 Invitrogen 1:700
Donkey anti Mouse Alexa 594 Invitrogen 1:700
Donkey anti Mouse Alexa 405 Invitrogen 1:700
2.8 Imaging

We imaged the slides using a confocal microscope (Leica, SP8) with a 20 x
objective lens. Rhodamin (reporting c-fos mRNA) and Alexa 488 (reporting
c-Fos protein) fluorescent signals can be visualized by using 552-nm and
488-nm laser wavelengths, respectively. In addition, Alexa 405 and Alexa 647
fluorescent can be visualized by using 405-nm and 638-nm laser wavelengths,
respectively. Single-layer images were taken with a 2048 x 2048 pixel size for

data analysis.

2.9 Cell counting and data analysis

We processed the images and analyzed the data blindly in a random manner.
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We processed the control and experimental groups in parallel. With the image
processing software Image J, we adjusted the brightness and contrast of the
images and processed them with the same amplification magnitude for
manual signal counting. The c-Fos protein signals should be 6-10 m in
diameter, present in the nucleus, and be solidly circular or oval-shaped.
Typical c-fos mRNA signals occur in the cytoplasm as 8-14 m diameter
particle clusters. The mean gray value of an unlabeled spinal region inside the
microscopic field is used to calculate the background signal. The signal
intensities of mRNA and protein are typically at least 80 times higher than the
background value. The c-Fos protein and c-fos mRNA signals are tallied
separately, and co-labelling is decided by overlap in the merged channel.
Determine the relative position of c-fos protein or c-fos mRNA in the spinal
cord lamina I-V using the image J point tool and the reference co-staining
markers IB-4. We counted the number of Fos protein and c-fos mRNA
positive neurons in the double-labelled slices to calculate the overlap ratio in
the spinal cord regions with convergent and mixed patterns. For the overlap
ratio, overlapping cell counts was divied by Fos protein or c-fos mRNA
positive cell counts, represent overlap ratio in Fos protein or c-fos mRNA,

respectively.

2.10 Marker signal image transformation

For the standard spinal cord lamina distribution, a CGRP, IB-4, PKC-y
fluorescent immunohistology co-staining was been taken on naive littermate
control mice spinal cord lumbar 4 tissue slides (Figure 5A). According to the
sample image, we approximately located the lamina I - V distribution as an
atlas map, given out the 6 reference point dividing line information according

to anatomical features of this image.

For image alignment, we gave 6 control points position information according
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to the spinal cord anatomy that was manually annotated on the dividing line
between white matter and gray matter of the image. All images are aligned
according to manually annotated control points, which allows direct analysis
of the signal accumulation on the 2D flat. The work of image alignment and
distribution analysis was performed by our partners from the Biomedical

Computer Vision Group at Heidelberg University.

Cartesian coordinates for each neuron were determined in the transverse
spinal cord plane with respect to the midpoint of the central canal, defined as
the central position. All the position information of different signal channels
and co-labeling are given out to this standard atlas map, according to the
positional relationship with respect to the reference point. Finally, the
transformation of the position data on the standard atlas map was
accumulated from different mouse samples and slices of lumbar 3, 4, or 5,

respectively (Figure 5B).

The signal distribution was represented by an accumulation plots graph made
comprised of plots from different mice in the same group. We then calculated
the value of the relative frequency of occurrence of each signal plot using the
continuous distribution of discrete distribution points based on the graph's
location information (Figure 5B). Estimate values were shown graphically as

heat maps with equal probability density.
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A

mathematical alignment

Generate a heat map
based on probability of occurrence

Figure 5. Schematic of Marker signal image transformation method. A, Standard spinal
cord immunohistology co-staining of CGRP, IB-4, and PKC-y shows the lamina anatomy

distribution; B, schematic of image transformation and spatial analysis.
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2.11 Data analysis and statistics

Here we used mean + SEM to express all the data in figures and text.
Graphpad Prism software was used for statistical analyses. Paired or unpaired
Student’s t-test were performed as appropriate for a single comparison. A
one-way ANOVA test was employed to compare more than two groups,
followed by Tukey's post-hoc test or Dunnett's post-hoc test that alone
multiple comparisons. Two-way ANOVA was employed for the comparison
between groups, followed by a Bonferroni post-hoc test. For all the tests, a

p-value < or equal to 0.05 was considered significant.
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Project 2: Cellular basis for prefrontal modulation of

inflammatory pain by fear

2.12 Animal

The animal experiments are performed in accordance to EU and national
regulations for animal experimentation and all animal work was approved by
the local ethics committee Regierungsprasidium Karlsruhe, Germany
(Reffrance number: 35-9185.81/G-205/18). C57BL/6J wild type mice (25-30 g;
8-15 weeks old) were obtained from Charles River, Sulzfeld, Germany. Mice
were housed one animal per cage, with free access to rodent chow and water,

in temperature- and humidity-controlled rooms with a 12 h light/dark cycle.

2.13 Virus combination preparation (performed by Oscar

Andrés Retana Romero)

The cloning method for the pAAV-cFos-tTA construct has been published and
publicly available (Zhang et al. 2015) . The rAAV-hSyn-ArchT2A-Venus
AAV1/2 virions were a kind gift from Rolf Sprengel (Tan et al. 2017). For
generating the AAV-TREtight-ArchT2A-Venus, the ~1.7 kB ArchT2A-Venus
cassette was PCR amplified (forward primer with an Ascl site:
5 —-ATGCTATTTGGCGCGCCCGAGGCTGTGAGC-3’; reverse primer:
5—-CGGACCTAGTTCGAGTGCGGCCGCTTTACT-3’) and subcloned with Ascl
and BsrGI into parent vector
PAAV-ITR-PTREtight-hM3Dq-mCHERRY-WPRE-pA-ITR  (Addgene Ref.
66795) to create the final
PAAV-ITR-PTREtight-ArchT2A-Venus-WPRE-pA-ITR and
PAAV-ITR-PTREtight-ChR2-eYFP-WPRE-pA-ITR plasmids. Recombinant
AAV1/2 virions were generated by calcium phosphate co-transfection of
HEK293 cells (Stratagene) with each of the above-mentioned plasmids, and
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plasmids pDPirs and pDP2rs (Plasmid Factory, Bielefeld, Germany; Refs. 401
and 402). These constructs provided adenoviral helper functions as well as the
AAV-1 rep, AAV-2 rep and AAV-2 cap genes. Cells were lysed by freeze-thaw
cycles and subjected to benzonase nuclease (Merck) digestion to retrieve the
crude lysate. The rAAV1/2 particles were then purified via heparin-agarose
(Merck) affinity chromatography and concentrated with Amicon filter tubes
(Merck Millipore). The AAV1/2-TREtight-hChR2(H134R)-EYFP2 virus was a
kind gift from Martin Fuhrman’s lab. The pAAV-TREtight-ArchT2A-Venus
described above was generated by Oscar Andrés Retana Romero and Chris
Njoo and all the virus preparations were performed by Karin Meyer in our

laboratory.

2.14 Virus injection and optogenetic dual-implants

Mice were generally anesthetized with intraperitoneal doses of Fentanyl
(Janssen-Cilag, Neuss, Germany; 0.01 mg / kg); Medetomidine (Alvetra,
Neumiinster, Germany; 0.3 mg / kg) and Midazolam (hameln pharma plus,
Hameln, Germany; 4 mg / kg). Pedal reflex caused by a firm toe pinch was
monitored regularly to ensure continued surgical plane of anesthesia. The
animals were affixed in flat-skull position with a stereotaxic alignment system
(David Kopf Instruments) and Dexpanthenol ophthalmic ointment (Bayer)
was applied to both eyes. Normal body temperature was maintained with a
thermal pad (Supertech Instruments, London, UK) throughout the procedure.
Median skin incision over the skull and preparation of the pericranium were
performed under local anesthesia with 1% lidocaine spray (AstraZeneca).
Bregma was identified as the midpoint of the curve of best fit along the
coronal suture (Golmohammadi et al. 2008), assisted by a stereo microscope

(Leica).
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For the virus injection, with the origin set to bregma, small craniotomies were
performed bilaterally with a micromotor (Osada, model OS 40) fitted with a
surgical drill tip (Gebr. Brasseler, Lemgo, Germany) over the prelimbic cortex
(£ 0.25 mm lateral; + 1.9 mm anterior; - 1.35 mm depth from the pia, or + 0.9
mm lateral; + 1.94 mm anterior; - 1.6 mm depth with 15° sagittal tilt from the
midline when implanting chronic optical fibers) (Golmohammadi et al. 2008).
Purified virus preparations were suctioned into a glass micropipette (Merck,
BR708707) with a fine tip (P-87 micropipette puller, Sutter Instruments) and
injected at the points of interest with a flow rate of 25 nL. / min and a total

injection volume of 300 - 400 nL per side.

Optical fiber implants consisted of a ceramic ferrule (Thorlabs, CFLC230-10)
fitted with an optical fiber (@ = 200 um; NA = 0.39; Thorlabs, FT200UMT)
extending 1.9 mm from the ferrule base, and were implanted immediately
after the viral injections. The tip of the optical fiber was positioned 50 um
above the injection site and the ceramic ferrule fixed to the skull with Paladur

dental cement (Heraeus).

After the surgical procedure, the wound was closed with a 5/0 USP
polyglycolic acid suture (Catgut, Markneukirchen, Germany). The stitches
were strengthened with Histoacryl tissue adhesive (Braun, Melsungen,
Germany) and disinfected with Iodopovidone (Braun). General anesthesia was
antagonized with intraperitoneal doses of Naloxone (Inresa Arzneimittel,
Freiburg, Germany; 0.4 mg / kg), Flumazenil (Fresenius, Bad Homburg,
Germany; 0.5 mg / kg) and Atipamezole (Prodivet pharmaceuticals, Belgium;
2.5 mg / kg). Additionally, the mice received analgesic treatment with
Carprofen (Norbrook Laboratories, Northern Ireland; 5 mg / kg). The cages
were placed on a warming plate and continuously monitored until the mice

recovered upright posture and normal gait.
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2.15 Fear condition and recall behavior

Animals were placed on 200 mg/kg doxycycline (Dox) chow (ssniff
Spezialdidten GmbH, Germany) before virus injection and optical fiber
implants. After a 10-day recovery period from virus injection and optical fiber
implantation, animals were acclimatized 30 minutes in the morning and
afternoon for 2 days in the fear condition chamber and context. Baseline
freezing behavior was assessed over 7 minutes following a 9o0-second
habituation period in the fear condition chamber one day before fear
conditioning. Animal behavior was recorded by a camera placed underneath
the fear conditioning setup and spontaneous freezing or immobility detected
by ANYmaze software (Stoelting). Fear conditioning (FC) took place in a
different context by placing a blue plastic container around the fear
conditioning chamber (Ugo Basile). After 9o s habituation, 5 tones (5 kHz, 75
dB, 30 s) were played in a 7 minutes period with semi-random intervals and
paired to a mild electric foot shock (0.6 mA, 1 s) applied during the last second
of each tone. The fear conditioning session was repeated after an interval of 3
h to obtain a robust fear memory. Fear engram labeling was carried out 21
days after fear conditioning by placing animals back in the fear recall (FR)
context in the DoxOFF state. To take animals off Dox, they were first placed
for 48 hours on a 40 mg/kg doxycycline diet followed by 72 hours on normal
chow without doxycycline. Animals were subjected to the FR labeling session
in the DoxOFF state by placing them back in the same context and again
playing the tone (7 min period with semi-random intervals, 5 times 30-sec
tone) without foot shock, but also after a 9o s habituation in the same
chamber. Freezing behavior and immobility during fear condition and fear
recall labeling sessions were also recorded and measured by ANYmaze
software. Animals were placed on a 1000 mg/kg doxycycline diet (ON Dox) 1.5
hours after the FR session and return to 200 mg/kg doxycycline diet after 2

days.
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2.16 In vivo optical stimulation

For the optical suppression in ArchT-expressing mice we used a yellow diode
laser (A = 589 nm, Shanghai Laser & Optics Century Co. Ltd., China). The
laser power output setting was measured with a calibrated power meter
(Thorlabs, PM100D) and adjusted individually to obtain 1.5 mW at the tip of
each optic fiber before the implant. Yellow laser illumination was constant
over the length of the behavioral testing period. For optical stimulation of
mPFC of ChR2-expressing mice, we used a blue diode laser (A = 473 nm,
Shanghai Laser & Optics Century Co. Ltd.). Light transmission was also
measured with the power meter at the tip of the optical fiber before
implanting. Light power was then measured daily before experiments at the
tip of the optical patch cord. A pulse generator (Meilhaus Electronic GmbH,
Germany) was used to generate 20 Hz laser pulses with a pulse length of 10
ms at an intensity of 8 mW at the tip of the patch cord before connecting to
the implanted ferrule. Two optical patch cables were connected to the ferrule
base of dual-implants of the animal by using forceps before the test.
Yellow/blue light filtered protective glasses were used by the experimenter for

blinding during behavioral testing to avoid subjective judgment.

2.17 Fear recall testing

Two days after fear recall labeling, animals were connected to optical patch
cables (Doric, @ = 200 um; NA = 0.5) and exposed to two further fear recall
sessions (5 times 30 s tone in the conditioned fear context as for the fear recall
labeling session) in successive days with the laser either on or off for the entire
7 min assessment period. Freezing and immobility periods were detected by
the ANYmaze software. The same tone and fear context session with or
without optical stimulation was performed 1.5 hours before sacrificing

animals at the end of the experiment to assess Fos induction.
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2.18 Heat hypersensitivity Hargreaves test

The animals were habituated at least 4 days before the CFA injection. After
connected optical patch cables and turning the laser on or off, animals were
placed in the transparent plastic box and on the glass pane of the apparatus.
With a 15 minutes accommodation, the movable infrared generator with the
intensity of 270+10 mW/cm? under the glass pane was applied and measured
hind paw withdraw latency automatically. 3 or 4 measurements were taken for
each animal with an interval of 5 min to avoid repeated heat stimulation

generated.

2.19 Aversive related white noise test

To test for real-time place aversion of white noise (Mollenauer et al. 1992), the
setup consisted of two chambers (15 cm x 15 cm each) with a neutral middle
chamber (8 cm x 8 cm) separated by removable clapboards. Each of the
chambers contained different distinct visual (horizontal or vertical stripes)
and olfactory (milk or berry) odor cues. Two audio speakers were placed on
each side of the setup. Mice were connected to the optical patch cables and
initially placed in the middle chamber with the laser turned on or off. After the
removal of the clapboards, mice were allowed to freely move in the whole
apparatus for 20 minutes. Animal movement patterns were recorded by a
video camera placed above the setup and tracked with ANYmaze software

(Stoelting).

For the baseline session, the animal was freely moving in the apparatus with
the laser turned off in the absence of white noise. Meanwhile, the chamber in
which the animal spent more time during the baseline period (the preference
chamber) was paired with white noise played over both speakers in two

subsequent real-time place aversion sessions on days 5 and 6 following fear
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engram labeling with laser turned on or off. The sequence of the laser being
turned on or off was random, but balanced, to avoid potentially confounding
effects over time from FR engram labeling. Animals again had free access to
all chambers but white noise (9o dB) was played automatically whenever the
animal entered the preferred chamber. Movement patterns were recorded by
the camera and ANYmaze software throughout each 20 minute assessment

period.

2.19.1 Open field test

The open field (OF) test was performed and day 7 following fear engram
labeling. The animal was attached to the fiberoptic patch cords, placed in the
centre of the OF chamber and allowed to move freely within the OF chamber
for a 10 min assessment period. The laser was turned off or on either during
the first or second 5-min period in a balanced fashion. Movement patterns
were recorded via a video camera placed above the OF chamber and measured
via ANYmaze software. To assess anxiety-like behavior the OF arena was

divided into three zones, consisting of centre, intermediate and an outer area.

2.19.2 Elevated plus maze test

The test uses an elevated, plus-shaped apparatus with two open and two
enclosed arms. The elevated plus maze (EPM) test was performed on day 8
following fear engram labeling. The animal was placed in the centre of EPM
apparatus and allowed to move freely along the tracks for a 10 min assessment
period. The laser was turned off or on either during the first or second 5-min
period in a balanced fashion. A video camera above the setup was used to
track the animal movement pattern via ANYmaze software. To assess
anxiety-like behavior the EPM arena was divided into three zones, the centre,

the open arms, and the closed arms.
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2.20 Heat stimulus and Fos induction

Inflammatory pain was induced by intradermal injection of Complete Freud’s
Adjuvant (CFA) on left hind paw 3 days after fear recall labeling. Sham control
animals were injected with 0.9 % saline instead. Two days after injection,
animals were placed in the plastic box on the transparent perspex pane of the
apparatus used for the Hargreaves test. After 20 minutes of acclimation, heat
stimuli were applied to the affected hind paw via the infrared generator using
an intensity of 270+10 mW/cm? and measuring the withdrawal latency
automatically via the Hargreaves apparatus. Ten stimuli were applied using a
minimal interval of 1 minute. Animals were placed back in the home cage for
90 minutes and then sacrificed, perfused transcardially by PBS and 4 % PFA.
Brains were dissected immediately, post-fixed in 4 % PFA at 4 °C overnight,
and 50 um coronal sections collected with a vibratome (Leica, VT100S). Brain
sections were kept in anti-freeze solution at -20 °C until immunohistological

staining.

2.21 Capsaicin-induced acute nocifensive behavior

A capsaicin (Sigma) injection solution was prepared from a stock solution of
1 % (weight/vol) in 10 % DMSO by diluting with PBS to 0.02 % before use.
Two optical patch cables were connected to the ferrule base of dual-implants
of the animal by using forceps before the test. Animals were briefly
anesthetized with 2 % isoflurane (Baxter, UnterschleiBheim, Germany) and 20
uL of the capsaicin solution was injected with a 30G needle subcutaneously
into the plantar surface of the hind paw. Animals were then placed in a
transparent box (20 x 20 c¢cm) on an acrylic glass plate, with a optical
activation with blue light (). The total time the animal displayed nocifensive
behavior (paw lifting, licking, flinching, writhing) was assessed over a period
of 5 min by an experimenter blinded to the treatment condition. In addition,
the nocifensive behavior was recorded with a firewire camera (UniBrain,
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Greece; Fire-i, BBW 1.3) through the acrylic glass floor over the 5 min

monitoring period.

2.22 Fos immunohistology

Sacrifice the animal with CO2, then the animals were perfused with PBS,
followed by 10 % formalin (Merck) fixative solution. The extracted brains were
kept in 10 % formalin fixative for 24 h at 4 °C and 50 um coronal sections
collected with a vibratome (Leica, VT100S) and save in anti-freeze solution in
-20°C. Tissue sections were washed at room temperature with 50 mM Glycine
(AppliChem) for 10 min and treated with 10 % normal donkey serum (Abcam)
and 0.2 % Triton X-100 (Carl Roth) blocking solution for 60 min. Fos
(Synaptic Systems, 226003; 1:5,000 dilution, host: rabbit) Primary antibodies
were diluted in blocking solution (1:1000) and incubated with the brain
sections at 4 °C overnight. The sections were then washed twice with 10%
horse serum in PBS for 10 min at room temperature, incubated with Donkey
anti-rabbit Alexa 647 (Invitrogen, A-31571) secondary antibody (1:700) and
DAPI (1:10,000) in 10% horse serum in PBS for 1 h, washed twice with PBST.
Lastly, the sections were washed for 10 min in 10 mM TRIS/HCI (Carl Roth)

before mounting on glass slides with Mowiol (Carl Roth).

2.23 Image acquisition and quantification

Coronal sections from 1.8 mm to 2.4 mm anterior to bregma were used for
analysis. Immunofluorescence in the dorsomedial region of the mPFC was
visualized with a LCS SP8 confocal microscope (Leica, Germany). Confocal
image stacks (scanned at 2 um-thick planes) were acquired with a 20x
objective using identical illumination exposure parameters for sections used
for counting. Stacked images taken were maximally projected and
subsequently overlaid with the corresponding atlas section to anatomically

define the region of interest for quantification (Golmohammadi et al. 2008).
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All sites of injection were inspected for the correct location of transgene
expression at the end of all experiments, and animals with off-target
expression sites were excluded from the analysis. ImageJ software was used to
visualize and count all Fos+, ArchT-Venus+and ChR2-EYFP+ cells within the
boundaries of the defined regions. A cell was considered positive only if it
displayed an intensity value above the intensity threshold of the background.
Experimenters were blinded to the identity of the sections they were

analyzing.

2.24 Data analysis and statistics

Here we used mean + SEM to express all the data in figures and text.
Graphpad Prism 8.0 software was used for statistical analysis. Paired or
unpaired Student’s t-test was performed with each for a single comparison. A
one-way ANOVA test was employed to compare more than two groups,
followed by Tukey's post-hoc test allowing multiple comparisons. Two-way
ANOVA was employed for the comparison between groups, followed by a
Bonferroni post-hoc test. For all the tests, a p-value < or equal to 0.05 was

considered significant.
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3 Results
3.1 Conditioned knock-out of GABAAB3 does not impact

motor function

GABAergic presynaptic inhibition is linked to sensory-motor regulation and is
involved in lateral inhibition, which contributes to spatial and temporal acuity
in other sensory systems (Raccuglia et al. 2016; Godde et al. 2016; Buldyrev
and Taylor 2013). Recently, a variety of non-evoked measures have been
introduced to investigate changes in animal well-being as potential readouts
for spontaneous pain or fine movement. Among these measures are voluntary
wheel running, home-cage monitoring, and gait analysis (Tappe-Theodor and
Kuner 2014). To verity the effect of the conditional knock-out of the GABAAf3
subunit on motor function in mice, we tested voluntary motor behavior of
SNS-GABAAB3 and Advillin-GABAAB3 mice using the voluntary wheel
running test. There were no significant differences between the knockout mice
and the control group, either in the activity profile over 24-hours (Figure 6A)
or in the total distance of locomotion during 24 hours (Figure 6B). We also
tested the passive locomotor behavior of SNS-GABAAB3 and
Advillin-GABAA3 mice using the Rotarod test. The time on the rotarod was
not different between knock-out and control mice (Figure 6C). This
demonstrates that conditional knock-out of the GABAAB3 receptor subunit in
most DRG neurons (Advillin) as well as nociceptors (SNS) does not affect

locomotor function.

To explore further innate behavior in SNS-GABAAB3 and Advillin-GABAAB3
conditional knockout mice, home cage activity was monitored using the
automated Laboras system. Amongst the measured activity parameters
collected over a 24-hour period, no differences were apparent between
SNS-GABAAP3 and littermate control mice. However, Advillin-GABAAf3
mice were more active than control mice, showing higher total distance
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traveled (Figure 7A) at higher average speed (Figure 7B) and over a longer
duration (Figure 7D) but less grooming behavior (Figure 7G). This suggests
that deletion of the GABAAQB3 subunit in DRG neurons affects voluntary
movement patterns. A recent study also reported that, Advillin-GABAAf3
knock-out mice increased their exploratory behavior, spending more time in
the center chamber of the open field test and displaying less aversion to the

open arms of the elevated plus-maze test (Zimmerman et al. 2019).

Additionally, we monitored changes in weight distribution and various gait
parameters using the CatWalk system (Noldus). While none of the gait
parameters for Advillin-GABAAB3/- mice differed from littermate controls,
SNS-GABAAPB3”/- mice spent more time in a standing position than control
mice from the same litter (Figure 8D) and spent more time running (Figure
8A) albeit at lower average speed (Figure 8C) and during running showed a

prolonged swing phase (Figure 8G).
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Figure 6. Voluntary motor behavior and passive locomotor behavior of GABAAR3 knock
out mice. A, Voluntary wheel running distance profile of grouped mice at day. B, Voluntary
wheel running distance of grouped mice. C, Time spent on the rotarod of grouped mice.
Running distance (cm) of untrained of grouped mice which were housed individually and only
measured once before injury. 12 mice per group, 12 mice per group, one-way
repeated-measures ANOVA with post-hoc Tukey test. All data points represent mean + SEM.
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Figure 7. Home cage behavior of GABAAR3 knockout mice. Different Home cage behavior
parameters of grouped mice. A, distance of grouped mice moved in home cage in 24 hours. B,
average moving speed of grouped mice in home cage in 24 hours. C, Time spend on climb
behavior of grouped mice. D, Time spent on locomotion behavior of grouped mice. E, Time of
immobilization of grouped mice. F, Time spent on rearing behavior of grouped mice. G, Time
spent on grooming behavior of grouped mice. Mice were analyzed for their 24 h voluntary
behavior in home cage at basal level before injury. p<0.05 indicated by *, as compared to
control group. 12 mice per group, one-way repeated-measures ANOVA with post-hoc Tukey
test. All data points represent mean + SEM.
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Figure 8. Changes in static weight parameters of GABAAB3 knockout mice using the
CatWalk system (Noldus). Different static weight parameters of grouped mice. A, duration of
the grouped mice moving through the CatWalk system. B, average moving speed of the
grouped mice. C, the maximum variation in walking speed. D, the time spend on stand
behavior. E, the distance of the entire step cycle. F, Maximum intensity contact area of the
complete paw. G, the duration of the hind paws of the grouped mice. H, the length of the
grouped mice hind paw stride. Mice were analyzed for their 24 h voluntary behavior in home
cage at basal level before injury. p<0.05 indicated by *, as compared to control group. 12 mice
per group, one-way repeated-measures ANOVA with post-hoc Tukey test. All data points
represent mean + SEM.
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3.2 Impact of conditional GABAAB3 knock out on

somatosensation

Responses to several behavioral tests of basal somatosensation were used to
determine the effect of GABAAPB3 knockout in nociceptive and

non-nociceptive DRG neurons.

3.2.1 Innocuous touch sensation

Innocuous touch was assessed using an adhesive tape removal test and a fur
clip test (Peirs et al. 2015b). The latency (time) to removal of adhesive tape not
was not different between knock-out and control mice, either for
Advillin-GABAAB37- or SNS-GABAAP3”/- mice (Figure 9A). Similarly, the
response latency for the fur clip test did not differ between
Advillin-GABAAB3”/- mice, SNS-GABAAP3”/- mice and littermate controls
(Figure 9B). This suggested that GABAAB3 knockout mice have no deficit in

D-hair related innocuous touch sensation or sensorimotor function.

3.2.2 Innocuous punctate and dynamic mechanical

sensation

According to recent studies, mice exhibit differential behavioral sensitivity to
punctate and dynamic (i.e. caused by deflection) mechanical stimuli (Cheng et
al. 2017). Accordingly, two independent behavioral tests were used to examine
mechanical sensitivity. The von Frey test was used assess punctate mechanical
sensitivity by determine the von Frey filaments threshold required to evoke
hindlimb withdrawal when applied to the plantar surface of the hind paw.
Dynamic mechanical sensitivity was assessed with a paint brush or cotton
swab also applied to the plantar surface of the hindpaw. We found no
significant changes in either punctate or dynamic mechanical sensitivity in

SNS-GABAAPB3”- mice as compared to their littermate controls (Figure 9C, D,
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E). However, Advillin-GABAAB3~/- mice showed prominent hypersensitivity to
von Frey stimuli (Figure 9C). This is consistent with a previous study that
Advillin®ER-GABAAB3~- mice also exhibited glabrous skin hypersensitivity, as
assessed using von Frey filament stimulation of hind paw glabrous skin
(Zimmerman et al. 2019). In contrast responses dynamic brush or cotton were

not affected (Figure 9D & E).

3.2.3 Thermal sensation

In a previous study, we found that mice lacking GABAAP3 in primary
nociceptors displayed an increased sensitivity to thermal stimuli in classical
plantar Hargreaves test (Chen et al. 2014). In the current study, noxious heat
sensitivity was determined using a hot plate test (50°C) and heat sensitivity
was assessed using the plantar Hargreaves test. Sensitivity to cold and cooling
sensation were determined respectively using a cold plate test (-5°C), and an
acetone evaporation test. For the hot / cold plate tests, the latency to hind paw
withdrawal reflexes such as flinching, jumping, and licking were measured
while for the acetone evaporation test a score was given based upon the
response, specifically: 0, no response; 1, brief lift, sniff, flick, or scare; 2,
jumping, paw shaking; 3, multiple lifts, paw lick; 4, prolonged paw lifting,
licking, shaking, or jumping; 5, paw guarding. SNS-GABAAP3”/- mice were
hypersensitive both the Hargreaves plantar heating test and noxious heat hot
plate test as foreshadowed in our previous study (Figure 10A, C). However,
Advillin-GABAAB3”- mice showed no significant change to either heating or

cooling tests compared to their littermate controls (Figure 10B, D).
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Figure 9. The basal touch and mechanical sensitivity of SNS-GABAAR3’ and
Advillin-GABAARB3" mice. A, Sensorimotor behavior relative tape test. B, gentle touch
sensory related fur clip test. C, punctate mechanical sensation related von Frey test. D,
dynamic mechanical sensation related brush test. E, dynamic mechanical sensation related
cotton test. p<0.05 indicated by *, as compared to control group. 12 mice per group, one-way

repeated-measures ANOVA with post-hoc Tukey test. All data points represent mean + SEM.
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3.3 Impact of GABAA3 knock-out on the development of

punctate allodynia in CFA model

Inflammatory pain was induced with injection of Complete Freund's Adjuvant
(CFA) into the hind paw. Following CFA injection, control mice (GABAA®/)
developed a profound, long-lasting (recorded up to 30 days) hypersensitivity
to mechanical and thermal stimuli applied to the ipsilateral hind paw after
CFA injection (Figure 11, 12). Conditional Advillin-GABAAB3”- knock out mice,
also became hypersensitive following CFA injection. Withdrawal thresholds to
punctate mechanical stimuli fell under 0.02 gram in the first post-injury week
and then recovered slowly to nearly 0.04 gram (Figure 11). For
SNS-GABAAPB3”- conditional null mice decreased paw withdrawal thresholds
to all stimuli, except one, developed as they did in littermate controls, within
the first two days and were maintained for 28 days post-CFA injection. The
exception for SNS-GABAAf3 was the degree of hypersensitivity observed in
response to punctate mechanical stimulation with von Frey filaments. While
punctate mechanical allodynia was observed in SNS-GABAAP3”/- mice
following CFA injection, -the sensitivity only fell to 0.07 gram, rather than to
values below 0.02g in littermate controls (Figure 11A). These experiments
thus revealed two important results. First, loss of GABAAP3 in nociceptors led
to an attenuation of inflammatory mechanical allodynia, but not mechanical
hyperalgesia; Second, loss of GABAAB3 in all DRG sensory neurons does not

impact the development of hypersensitivity following CFA injury.

The development of mechanical dynamic allodynia to brush/cotton swab
stimuli was observed in control mice and Advillin-GABAAB3”/- and
SNS-GABAAB3”/- mice alike (Figure 11B, C). Similarly, there were no
differences between control and conditional knock-out mouse lines with
regard to their mechanical nociceptive sensation in response to the pinprick

test after CFA injection (Figure 12). To the best of our knowledge, the
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reduction in punctate allodynia observed in the SNS-GABAAB3”- mouse line
is the first report of a specific loss of punctate sensitivity with retained
dynamic allodynia post CFA injury. This constellation is the opposite of that
observed for VT3 mice found in Qiufu ma's lab that showed ablation of the
vesicular glutamate transporter 3 (VGLUTS3) in the spinal cord resulted in
specific loss of dynamic allodynia in response to brush stimuli despite
persistence of punctate allodynia in response to von Frey stimuli post CFA or
nerve injury (Cheng et al. 2017). For thermal pain sensation post-CFA, both
Advillin-GABAAB37/- and SNS-GABAAP3/- mice developed heat hyperalgesia
assessed using the plantar test and cold allodynia in response to the acetone

test, in a manner similar to their littermate controls (Figure 13).

Taken together, deletion of GABAAB3 in DRG sensory neurons did not affect
the development of mechanical or thermal hypersensitivity in the
inflammatory CFA model. However, conditional deletion of GABAAQ3 in
nociceptors impacted the development of punctate mechanical allodynia, but
not dynamic mechanical allodynia or thermal hypersensitivities. This
naturally raises the question, as to whether the punctate and dynamic
mechanical allodynia circuits individually comprise labeled line connectivity

that are subject to equivalent pre-and postsynaptic tuning in the spinal cord.
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Figure 11. Mechanical pain behavior in nociceptor GABAAR3 knock-out (KO) or DRG
sensory neuron GABAABR3 KO mice. A, SNS-GABAAR3”", Advillin-GABAAB3" and
littermates control mice mechanical von Frey test after CFA injection, or B, pain related
behavior score of dynamic mechanical cotton test, or C, pain related behavior score of
dynamic mechanical brush test. p<0.05 indicated by *, compared to littermate controls,
two-way ANOVA with Bonferroni multiple comparisons, 12 mice per group. Data are

represented as mean + SEM.
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Figure 12. Nociceptive mechanical pain behavior in nociceptor GABAAB3 knock-out
(KO) mice or DRG sensory neuron GABAARB3 KO mice. pain related behavior score of
pinprick test after CFA injection in SNS-GABAAR3”, Advillin-GABAAB3" and littermates
control mice. 12 mice per group, two-way ANOVA with Bonferroni multiple comparisons. Data

are represented as mean + SEM.
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Figure 13. Thermal pain behavior in nociceptor-specific GABAAR3 knock-out (KO) mice
or DRG sensory neuron GABAAR3 KO mice. A, hind paw withdrawal latency of Hargreaves
planta test after CFA injection in SNS-GABAAR3"", Advillin-GABAAR3"- and litter mate control
mice. B, pain related behavior score of acetone test after CFA injection in SNS-GABAAR3™,
Advillin-GABAAR3"- and littermates control mice. 12 mice per group, two-way ANOVA with

Bonferroni multiple comparisons. Data are represented as mean + SEM.

70



RESULTS

3.4 Discrimination of punctate and dynamic mechanical
allodynia circuits using dual-epoch mapping in spinal

cord

To discriminate the circuit activity patterns in response to different kinds of
mechanical stimuli (punctate or dynamic) in the spinal cord, we devised a cell
labeling strategy based on the immediate early gene (IEG) c-fos. Cells
responsive to different stimuli were identified in the spinal cord of individual
mice using a double-labeling technique based on the distinct induction time
course of the c-fos mRNA and c-Fos protein signals. According to the central
dogma of molecular biology, DNA transcribes into RNA and RNA translates
into protein, and once "information" has passed into protein it cannot get out
again (Francis Crick, 1958). c-fos expression is generally low throughout the
nervous system in animals at rest condition (Chan et al. 1993; Abbadie et al.
1994; Perrin-Terrin et al. 2016). However, following neuronal activation, c-fos
mRNA increases within minutes and decays over a couple of hours, whereas
its protein product appears later (approximately one hour later) and persists
much longer (Greenberg and Ziff 1984; Morgan et al. 1987). Thus, when two
stimuli are sequentially applied at an appropriate interval, neural circuits
activated by the two stimuli can be detected by labelling c-fos mRNA
(proportional to the second stimulus) and c-Fos protein signal (proportional
to the first stimulus) using fluorescence in situ hybridization method (I-FISH)
and fluorescence immunohistochemistry respectively. Furthermore, this
co-labeling strategy can be combined with other neural markers to allow

identification of the neuron type.

To determine the anatomical location of cells in the spinal cord responding to
mechanical pain signals from the hind paw, we used pinprick stimulation and
visualized the location of c-Fos expression along sagittal sections of spinal
cord (Figure 14). c-Fos positive cells mostly aggregate between lumbar
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segments 4 to 5 particularly around the lumbar 4-5 intervertebral disc (Figure
14). In the coronal plane, c-Fos positive neurons were observed in medial
regions of spinal dorsal horn. This is consistent with the projection area for
glabrous skin of the hindpaw and consistent with previous reports for
projections of Mas-related gene product receptor D (Mrgprd) expression
non-peptidergic nociceptors to the medial dorsal spinal cord (Olson et al.

2017).

The success of the dual-labeling approach of c-fos mRNA and c-Fos protein
signals in the spinal cord relies on the ability to separate the mRNA and its
protein signal in time. Therefore, we performed a general test of the method
using a single mechanical nociceptive pinprick stimulus to determine the
sequential order and temporal interval of mRNA and protein for c-fos (Figure
15A). After a mechanical nociceptive pinprick stimuli on the hind paw, we
sacrificed mice at 5 different time points from 15 minutes to 4 hours. With the
dual-labeling I-FISH staining, we counted the number of cells positive for
c-fos mRNA and c-Fos protein. This showed that c-fos mRNA peaked at the
75-minute time point and was nearly below detection at the 150-minute time
point, whereas c-Fos protein was not detected at the 30-minute time point,
appeared at the 75-minute time point and remained elevated after
150-minutes (Figure 15B, C). Using a Gaussian regression fit, curves for the
time course of dual expression were estimated (Figure 15C). To verify the
validity of these estimates of time course, we stimulated mice with a pinprick
either once at time point 0 or at the 120-minute time point or at both time
points (Figure 16A). Using I-FISH staining, only c-fos mRNA expression could
be detected at the 30-minute time point. In contrast, at the 150-minute time
point only c-Fos protein expression could be detected and this signal reflects
the translated c-fos mRNA induced by the first stimulus (Figure 16B, C). If
stimulated at both time points, a large amount of overlap from each signal
could be seen and this indicated that the two stimuli activated the same
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neurons. These results show that this dual-epoch mapping method can be an

effective way to discriminate signals in the spinal that result from different

and time separated peripheral stimuli.
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Figure 14. c-Fos expression sample image of noxious mechanical stimuli in the spinal

cord. A, schematic showing animal sacrificed after nociceptive pinprick stimulus, following

with sagittal section. B, c-Fos and PKC-y fluorescent immunohistology image of spinal cord

sagittal section, from lateral to medial. a. lateral dorsal horn, b. medial-lateral dorsal horn and

c. medial dorsal horn. Scale bar represent 50 pm.
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Figure 15. Time interval test for the dual-epoch mapping method. A, schematic showing

animal groups sacrificed in sequential order on different time points, after nociceptive pinprick

stimulus. B, dual staining sample images of medial dorsal horn from the different animal group.

Arrows indicate the overlap cells. Scale bar represent 50 um. C, c-fos mMRNA or c-Fos protein

positive cell counting of different time-point and Gaussian curve fit of animal groups. Arrows

indicate the 30 minutes and 150 minutes time points. Data from 12 coronal slices of lumbar 3-5

spinal cord per mouse, 3 mice per group. p<0.05 indicated by *, compared to c-Fos protein

positive cell counts, two-way ANOVA with Bonferroni multiple comparisons. Data are

represented as mean + SEM.
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Figure 16. Activation test for dual-epoch mapping method. A, schematic showing animal

groups sacrificed after nociceptive pinprick stimulus at different time points, or both of time

points. B, sample image of medial dorsal horn from the different stimulate-interval animal

group. Arrow heads indicate the overlap cells. C, cell counting of different stimulate-interval

animal groups. Data from 12 coronal slices of lumbar 3-5 spinal cord per mouse, 3 mice per

group. p<0.05 indicated by *, compared to overlap cell counts; p<0.05 indicated by f,

compared between two single stimulus groups, two-way ANOVA with Bonferroni multiple

comparisons. Data are represented as mean + SEM. Scale bar represent 50 um.
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3.5 Intermingled pattern of spinal cord c-fos labelling
following punctate and dynamic mechanical stimuli post
CFA injury

Under resting conditions, the expression of c-fos is generally low in the mouse
nervous system (Perrin-Terrin et al. 2016). Low intensity mechanical stimuli,
like von Frey or cotton swab, normally do not cause substantial translation of
c-Fos protein. In order to test whether punctate von Frey or dynamic cotton
stimulation could induce c-fos mRNA or c-Fos protein expression in the spinal
cord under physiological conditions, we subjected naive mice to cotton
stimulation at the 30-minute time point and then to von Frey at the
150-minute time point and then performed I-FISH staining (Figure 17A). The
result was that neither low-intensity von Frey or cotton stimulation were
sufficient to evoke expression of c-fos mRNA or c-Fos protein in the spinal
dorsal horn of SNS-GABAAB3”- mice or their littermate controls (Figure 17B,
18) and this is consistent with SNS-GABAAP3~/~ mice not showing mechanical

hypersensitivity in the absence of inflammation.

After CFA injection, pain is usually manifest in response to low-intensity
mechanical stimuli, and this is termed allodynia. In our previous results,
SNS-GABAAB3”- mice developed dynamic mechanical allodynia after CFA
injury but punctate mechanical allodynia was less pronounced. Here, we
applied dynamic cotton and punctate von Frey stimulation at 30-minute and
150-minute time points, 2 days after CFA and mapped cells in the spinal
dorsal activated by these stimuli using the dual-epoch mapping method
(Figure 19A). I-FISH staining in control mice showed robust signals for c-fos
mRNA and c-Fos protein in the spinal dorsal horn, in particular in medial
regions from lamina I to lamina III (Figure 19B). Quantitatively, there were 13
+ 2 c-fos mRNA positive cells per slide, 17 + 2 c-Fos protein positive cells per
slide and 7 + 3 cells per slide that were co-labeled with c-fos mRNA and c-Fos
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protein. The overlap ratio for c-fos mRNA positive cells was 50 + 3 % while
the overlap ratio for c-Fos protein positive cells was 70 £ 10 %. In total 396
cells were determined as double-labeled, i.e. overlapped, amongst 1380
activated cells (Figure 20C). These results suggest, that the dorsal horn
pathways coding punctate and dynamic mechanical stimuli are intermingled,
with approximately 30% of neurons common to both pathways. For
SNS-GABAAPB3”- mice, dynamic mechanical stimuli activated a robust c-Fos
protein signal, but punctate von-Frey stimuli activation of c-fos mRNA signal
was significantly reduced compared to littermate control (Figure 19B).
Compared to their littermate controls, c-fos mRNA positive cell counts and
overlapped cell counts in spinal dorsal horn were both significantly decreased
in SNS-GABAAf3”- mice (Figure 20A). The overlap ratio for mRNA positive
cells was not significantly different from controls, but the overlap ration for
c-Fos protein positive cells significantly decreased (Figure 20B). This
indicated that the decrease number of activated cell were not only from the
von Frey punctate activated cluster but also comprised cells within the
overlapping cluster that also participate in coding dynamic allodynia. The
c-fos mRNA / c-Fos protein positive cell distribution analysis showed that
c-fos mRNA was significantly reduced in lamina III of SNS-GABAAf3”- mice
and also that the overlapping cells were significantly reduced in lamina I and
lamina III (Figure 21A, C). The c-Fos protein positive cell distribution was not
significantly different from control (Figure 21B). These results suggest that
punctate and dynamic allodynia circuits in spinal cord dorsal horn are
partially shared, but largely retain their own unique coding patterns, resulting

in a hybrid intermingled coding pattern (Figure 20C).

As the location of neurons is crucial to the role they play in the spinal cord
(Moehring et al. 2018; Todd 2010b), we were curious about the location in the
spinal cord where these populations were distributed. Traditional counting
methods do not provide anatomically based information on the spatial
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distribution of neurons. Here we standardized the location of positive cells
across all mouse spinal cord sections using a mathematical transformation of
the images based on the dividing line between white matter and gray matter as
the landmark. Using the dual epoch method, we generated spatial
distributions of c-fos positive cells based upon their activation by dynamic and
punctate mechanical stimuli. We observed that cells activated by mechanical
stimulation of the plantar surface of the hindpaw were located medially in the
spinal dorsal from lamina I to III. The cells activated by punctate and dynamic
stimuli were similar (Figure 22, 23), indicating they share the same
anatomical location to code or relay information. Consistent with our previous
finding, SNS-GABAAB3”/- mice showed an abundant reduction of c-fos mRNA
expression in the medial dorsal horn. From the heat map indicating region
specific cell activation, we observed that both punctate and dynamic
mechanical circuits were prominent within a triangular core region (Figure
23). In SNS-GABAAPB3”- mice cells activated by punctate stimuli after CFA
deviated from this core pattern, which is consistent with behavioral evidence
that punctate allodynia was less pronounced in these mice (Figure 11A).
However, in SNS-GABAAB37/- mice, the density of overlapping cells was
reduced, possibly indicating a reduction in peripheral punctate stimulus input
signal (Figure 22). All of these data indicate a reduction of excitatory signals
from the periphery under inflammatory conditions and thus a loss of GABA
inhibition. This is also consistent with our previous study using two-photon
imaging in SNS-Ai38 mice, that recombine the fluorescent calcium indicator
GCaMP3 in SNS-Cre neurons. In spinal slices from CFA injected SNS-Ai38
mice, GABA did not evoke calcium transients in primary afferent terminals

(Guo, D. 2017).
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Figure 17. Spinal neural activate representations of punctate and dynamic mechanical
stimulation under physiological conditions. A, schematic showing animals were performed
von Frey stimuli and cotton stimuli with sequential order and temporal intervals. B, |-FISH
staining sample image of spinal cord dorsal horn from the SNS-GABAAB3™, and littermate

control mice. Scale bar represents 100 pm.
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Figure 18. Spinal neurons activated by punctate and dynamic mechanical stimulation
under physiological conditions. A, Counting of von Frey and cotton stimuli-induced c-fos
mRNA positive, c-Fos protein positive, and the overlapping cells. B, Overlap ratio of cell counts
over c-fos mRNA positive cell counts, and overlapping cell counts over c-Fos protein-positive
cell counts. Counting data from 12 coronal slices of lumbar 3-5 spinal cord per mouse, 6 mice
per group. Unpaired t-test adjusted by Benjamini-Hochberg procedure controlling for false

discovery rate. Data are represented as mean + SEM.
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Figure 19. Spinal neuronal activation representations of punctate and dynamic
mechanical stimulation under inflammation. A, schematic showing animals have
performed cotton stimuli and von Frey stimuli with sequential order and temporal interval post
CFA injury. B, I-FISH staining example image of spinal cord dorsal horn from
SNS-GABAAB3”,mice, and littermate control mice. The blue channel is IB-4

immunofluorescence co-staining as the marker of lamina Il. Scale bar represent 100 um.
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Figure 20. Spinal neurons activated by punctate and dynamic mechanical stimulation
following hindpaw inflammation. A, Counting of von Frey and cotton stimuli-induced c-fos
mRNA positive, c-Fos protein positive, and the overlapping cells. B, Overlap ratio of cell counts
over c-fos mRNA positive cell counts, and overlapping cell counts over c-Fos protein-positive
cell counts.. C, scaled Venn diagrams showing the number of c-fos mRNA positive (red), c-Fos
protein positive (green), and the overlapping cell (yellow). Counting data from 12 coronal slices
of lumbar 3-5 spinal cord per mouse, 6 mice per group. p<0.05 indicated by *, compared to
littermate control, unpaired t-test adjusted by Benjamini-Hochberg procedure controlling for

false discovery rate. Data are represented as mean + SEM.
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Figure 21. Laminar distribution of spinal neurons activated by punctate and dynamic
mechanical stimulation following hindpaw inflammation. A, Counting of von Frey and
cotton stimuli-induced c-fos mRNA positive, c-Fos protein positive, and the overlapping cells,
B, c-Fos protein positive cell counts, and C, the overlapping cell counts from spinal cord
lamina I-V. Counting data from 12 coronal slices of lumbar 3-5 spinal cord per mouse, 6 mice
per group. p<0.05 indicated by *, compared to littermate control, one-way ANOVA with Tukey’s

post-hoc test for multiple comparisons. Data are represented as mean + SEM.
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Figure 22. Plotting distribution of spinal neurons activated by punctate and dynamic
mechanical stimulation following hindpaw inflammation. Plots of the distribution of c-fos
mMRNA- or c-Fos protein-labeled cells in laminae -1V, following dynamic cotton and punctate
von Frey stimulation. The relative location of individual c-fos or c-Fos positive cells in
representative sections from each experimental group is depicted and transformed into a
standard spinal cord lamina anatomy distribution image. Single red dots represent relevant
locations of c-fos- or c-Fos-positive cells. Plotting data from 12 coronal slices of lumbar 3-5

spinal cord per mouse, 6 mice per group.
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Figure 23. Regionally specific of the dynamic and punctate mechanical nociception
under inflammation. Heat map showing the value of relative frequency of occurrence of c-fos
mMRNA or c-Fos protein labeled cells in spinal cord dorsal horn, following dynamic cotton and
punctate von Frey stimulation. Plotting location data from 12 coronal slices of lumbar 3-5

spinal cord per mouse, 6 mice per group.
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3.6 Conditional deletion of GABAAQB3 in nociceptors
reduced activation of CR neurons for punctate but not

dynamic mechanical allodynia

Excitatory populations in the dorsal horn, which comprise a vast
heterogeneous population distributed throughout lamina I to deeper III. In
lamina II, neurons that produce calretinin (CR), are crucial for transmitting
mechanical allodynia. (Peirs et al. 2020). Using c-fos labeling and
pharmagenetics activation, Peirs et al. demonstrated that CR neurons play a
specific role in mechanical allodynia in the context of persistent inflammatory
pain. While it has been well established that mechanical allodynia is mediated
by neural circuits that differ by injury type (Peirs et al. 2015b), these
experiments were the first to suggest that the circuitry in the dorsal horn also

differs in the inflammatory to injury model.

In a previous study, we found that in mice lacking GABAAB3”/- a specific loss
of punctate allodynia development was evident after an inflammatory injury
with reduced signals in the spinal cord from punctate stimuli (Guo and Hu
2014; Guo, D. 2017). To investigate whether the SNS-GABAAB3”/- knock out
also affected activation of CR-positive neurons under inflammatory conditions,
CR was immunolabeled in parallel with I-FISH staining in order to compare
the CR expression pattern in response to punctate and dynamic mechanical
stimuli after CFA inflammation (Figure 24). The results showed that for
SNS-GABAAB3/-mice c-fos mRNA*CR* co-labeling but not c-Fos protein*CR*
neuron counts decreased significantly compared to their littermate controls
(Figure 25). These results indicates that von-Frey punctate activated CR
neurons in the context of allodynia after CFA injury. This is consistent with
Peirs et al. proposal that CR neuron in lamina IT are important for conveying
mechanical allodynia in inflammatory pain models but not in neuropathic
pain models. Analogously, in the carrageenan inflammatory model,
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chemogenetic inhibition of CR neurons caused a significant increase in von
Frey thresholds but not a significant change in the responsiveness to a cotton
swab, which was consistent with our observation (Peirs et al. 2020). With
respect to the types of primary afferent input, 80% of CR neurons receive A
input while all CR neurons receive C-fiber input (Smith et al. 2019; Peirs et al.
2020). These results suggest that GABAAP3 knockout in nociceptors could be
reduced downstream CR excitatory neuron activity and thus abrogated the
development of allodynia. In addition, peripheral GABAAP3 receptor
knockout affects information flow for punctate but not dynamic mechanical
stimuli indicating that there are additional mechanisms involved in the

development of mechanical allodynia.
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Figure 24. Spinal CR neuron activate representations of punctate and dynamic
mechanical stimulation under inflammation. |I-FISH and CR co-staining sample image of
spinal cord dorsal horn from the SNS-GABAAR3", and littermate control mice. Scale bar

represent 100 um.
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Figure 25. Spinal CR neuron counting of of punctate and dynamic mechanical
stimulation under inflammation of nociceptor GABAAR3 KO mice. A, double-positive cell
counting of CR with c-fos mMRNA or c-Fos protein. B, overlap ratio of CR* c-fos mRNA* cells
over CR* cells, and CR*c-Fos protein* cells over CR* cells. Data from 12 coronal slices of
lumbar 3-5 spinal cord per mouse, 6 mice per group. p<0.05 indicated by *, compare to
littermate control, unpaired t-test adjusted by Benjamini-Hochberg procedure controlling the

false discovery rate. Data are represented as mean = SEM.
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3.7 Conditional deletion of GABAAf3 in nociceptors
reduced activation of PV neurons for punctate

mechanical allodynia

Presynaptic inhibition of primary afferent central terminals is thought to be
mediated by GABA release at axoaxonic synapses (Todd et al. 1996; Hughes et
al. 2005). Hughes et al. have demonstrated that a significant proportion of
axoaxonic synapses on the central terminals of myelinated afferents are
derived from inhibitory interneurons that express the calcium-binding protein
parvalbumin (PV), and that axoaxonic synapses are the predominant form of
synaptic output from these cells (Hughes et al. 2012). PV cells have since been
shown to play a key role in mechanical sensitivity in normal and chronic pain
condition (Petitjean et al. 2015). Here we aimed to investigate whether PV
neurons were involved in the coding of punctate mechanical allodynia. To this
end, c-Fos signals in response to von Frey filament after CFA injury were
co-stained against PV in control and GABAAP3~/- mice (Figure 26). However,
the number of c-Fos*PV* cells was not significantly altered compared to
littermate controls (Figure 277A). But the overlap ratio of cell counts / PV* cells
decreased significantly indicating von Frey punctate stimuli post CFA

injection activated less PV cells (Figure 27B).

91



RESULTS

.
Interval 120 min
/

Von Frey stim.

Sacrifice

SNS-GABAAp3fuf

SNS-GABAAR3+

(von-Frey)

PV

Merge

Figure 26. Spinal PV neuron activate representations of punctate mechanical
stimulation under inflammation. A, schematic showing animals were performed single von

Frey stimuli. B, PV and c-Fos co-staining sample image of spinal cord dorsal horn from the

SNS-GABAAR3™, and littermate control mice. Scale bar represent 100 pym.
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Figure 27. Spinal PV neuron activate representations and distribution of punctate
mechanical stimulation under inflammation. A, von Frey stimuli in inflammatory condition
caused c-Fos and PV positive overlapped cell counting. B, overlap ratio of overlapped cell
counts over PV positive cell counts, and overlap ratio of overlapped cell counts over c-Fos
protein positive cell counts. Counting data from 12 coronal slices of lumbar 3-5 spinal cord per
mouse, 4 mice per group. p<0.05 indicated by *, compare to littermate control, unpaired t-test

adjusted by Benjamini-Hochberg procedure controlling the false discovery rate.
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3.8 Analysis of relation between fear-associated and
pain-associated neurons under baseline and

inflammatory condition

Ground-breaking recent work has uncovered the cellular basis of acute (recent)
and long-term (remote) fear memory induced by aversive stimuli, including
pain (Restivo et al. 2009; Liu et al. 2012; Kitamura et al. 2017; Frankland and
Bontempi 2005; Ehrlich et al. 2009; Do-Monte et al. 2015). Recent analysis
from our lab colleague revealed a small subset of neurons that are common to
both pain and fear engrams in the prelimbic cortex. Functional analysis
showed that this interaction between fear and pain at the level of commonly
activated prelimbic neurons is sufficient to drive positive modulation of tonic
pain by long-term fear independently of aversive or appetitive encoding. Here,
we further aimed to investigate whether prelimbic neurons are involved in

pain coding and interactions with fear in inflammatory pain conditions.

First, we aimed to investigate whether thermal pain activates populations of
prelimbic neurons. We stimulated mice in the Hargraves setup, then
identified activated neurons with IEG c-fos via immunohistochemistry. After
counting the cell number of the prelimbic area, we found that heat stimuli
increased the c-Fos expression significantly, compared to the control group
that was treated in the same manner but not stimulated with heat (Figure 28).

This confirmed that heat pain stimuli can activate prelimbic neurons.

Next, we sought to identify prelimbic assemblies that are selectively recruited
during fearful anticipation or heat pain. To specifically label prelimbic
neurons activated in states of heat pain or fear recall with tight

spatio-temporal control, we employed a binary, tetracycline-inducible activity
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mapping system that enables label and manipulating the activited neuron of
population in a specific behavior condition (Figure 29A) (Dogbevia et al. 2015).
This binary system includes an activation-dependent IEG c-fos, promoted
transactivator ~ (tTA) regulatory fusion protein, and  another
tetracycline-response element (TRE) promoted expression of ArchT optical
neural silencer and Venus fluorescent protein expression. In the absence of
doxycycline, tTA dimers bind TRE sequences and promote downstream ArchT
and Venus gene expression. For contrast, otherwise in the presence
doxycycline (Dox), these effector molecules preclude tTA binding to the TRE,
thus silencing downstream gene expression. Thus, keeping the mice on Dox
(Dox ON) represses IEG c-fos background expression, otherwise taking the
mice off Dox (Dox OFF) opens a finite time window to label neuronal
populations with fluorescent protein in response to a given stimulus. In order
to utilize this system, we performed a bilateral injection of adeno-associated
virus (AAV) particles which served as the vector to deliver the binary system to
prelimbic neurons in mouse brain (Figure 28A). Mice were on Dox again to
close the time window and the cells that are activated by a second stimulus
can be identified via anti-Fos immunohistochemistry (Figure 29B). In order to
label the fear engram in the prelimbic cortex, we put the mice through the
classical fear conditioning paradigm with Dox ON, in which they learned to
associate a given random auditory tone with succeeding acutely painful foot
shocks (Figure 29C). Upon opening a 48-hour time window via Dox OFF, we
then presented the auditory tone cue to these mice without the foot shock, to
activate the fear engram coding neurons during pain anticipation. Indeed, a
neuron population of approximate 3000/mm3 density were observed to
express Venus yellow fluorescent in the prelimbic cortex. In contrast nearly no
Venus expressing-neurons present in the Dox ON control group (Figure 30).
We then sought to discern cells specifically activated in fearful anticipation
from those selectively recruited during heat pain under inflammatory
condition within the same prelimbic area in the same animal. Towards this
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end, after labeling fear memory engram with Venus, the neuron population
activated by heat were detected by anti-Fos immunofluorescence. For doing
so, we compared mice that had received intraplantar injection of CFA to
mimic inflammatory pain condition or saline injection as a control. We
observed that the both groups showed c-Fos expression after heat stimulus.
The heat-induced c-Fos expression did not show a significant difference in the
CFA injected mice, compare to the sham control group. However, compared to
the sham control group with saline injection, the group with CFA injection
showed a larger overlap between the fear engram and heat engram (Figure
31A). Furthermore, we found that the proportion of fear recruited ArchT
positive neurons that were overlap with the heat-induced c-Fos positive
neurons in mice of CFA injection was significantly higher than sham control
mice, and vice versa (Figure 31B). Taken together, our results showed the
heat-engram did not show a significant expansion in the inflammatory pain
condition, but showed increased overlap with the fear engram in the prelimbic

cortex.
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Figure 28. Prelimbic c-Fos expression upon hindpaw heat stimulation. A, schematic
showing animals have performed heat stimuli via Hargreaves setup, then sacrificed after 90
minutes interval for c-Fos expression. B, c-Fos staining sample images of the prelimbic cortex.
Scale bar represents 100um. C, c-Fos positive cell counting analysis of the prelimbic cortex.
p<0.05 indicated by *, compared to the control group with unpaired t-test. Counting data from 4
coronal slices of mouse brain prelimbic cortex, 4 mice per group. Data are represented as

mean + SEM.
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Figure 29. Prelimbic fear labeling and heat c-Fos expression post-CFA. A, schematic
showing the design of the doxycycline-inducible activity mapping system and bilateral injection
of virus combination into prelimbic cortex. B, experimental schematic showing the timeline of
dual labeling of neuronal activity via Venus (first stimulus given by fear recall after a Dox OFF
window) and c-Fos immunohistochemistry (second stimulus given by heat stimulus) under
inflammatory pain condition. Control group was only injected with the virus and CFA,. C,
Freezing behavior analysis of fear condition and fear recall. Data from 10 mice, p<0.05
indicated by *, compare to baseline, unpaired t-test adjusted by Benjamini-Hochberg

procedure controlling for false discovery rate.
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Figure 30. Prelimbic ArchT-Venus and c-Fos expression upon fear recall labeling and
heat stimulus. Sample image of fear engram labeling via fear recall and c-Fos expression
upon heat stimulation via immunohistochemistry. Arrows indicate overlapping cells. Scale bar

represents 100 ym.
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Figure 31. Labeling of the prelimbic fear engram and heat engram under inflammatory
pain conditions. A, Counting cells positive for of ArchT (fear), c-Fos (heat), and overlapping
cells in the prelimbic cortex. B, overlap ratio of ArchT positive cell also c-Fos positive, and
c-Fos positive cell also ArchT positive. p<0.05 indicated by *, compared to the CFA control
group with unpaired t-test; p<0.05 indicated by 1, compared to the sham group with unpaired
t-test. Counting data from 5 mice per experimental group. Data are represented as mean %
SEM.
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3.9 Suppression of PL fear engram coding neuron

decreases heat post-inflammatory hypersensitivity

Next, we sought to identify the functional implications of these neuronal
assemblies associated with prospective fear engram and heat hypersensitivity
post-inflammation. Here, we are aimed to perform optogenetic inhibition of
prefrontal neurons which recruited during remote fear recall. By employing
next generation versions of the binary labelling system (Tre Tight), we
engineered cells active during remote fear recall to express the inhibitory
opsin Archaerhodopsin (ArchT), which silences neuronal activity upon
illumination with yellow light (Figure 32A). To verify ArchT-mediated neuron
silencing in vivo, we first analysed the freezing behavior during the fear recall
after the fear conditioning and labelling of the fear engram in the PL (Figure
32B). As a control experiment, there was no significant difference in fear
behavior between the virus injection group and the sham group (Figure 32C).
As reported previously freezing behavior is associated with the fear-coding
neuron of population in PL during fear recall (Kitamura et al. 2017). Recall
population suppresed effect on the emergence of freezing behavior
significantly, thus verifying the experimental design (Figure 33A). We then
preformed Opto-suppression 2 days post-CFA injection, when mice exhibit a
pronounced heat hypersensitivity with Hargreaves infrared radiation stimulus.
Upon Optogenetic inhibition of the remote fear engram population in PL mice
with inflamed hind paw significant lesser inflammatory heat hypersensitivity
than sham mice (Figure 33B). As the heat hypersensitivity in CFA-induced
chronic inflammatory pain usually lasts 2-4 weeks in mice, we next addressed
whether heat hypersensitivity is also chronically affected by remote fear
engram inhibition. The ArchT expression of remote fear engram neuron
normally decays within 2 weeks post-labelling. To enable manipulating the
remote fear engram in the chronic state 2 weeks after CFA injection, we

repeated the fear conditioning and fear recall to re-labelled the fear engram
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with Dox ON/OFF manipulation. In the fear recall test, mice post-injury day
13 shows a similar suppression effect on the emergence of freezing behavior as
post-injury day 1, which that the effect of re-lableling the fear engram had
worked (Figure 32B, 33A). Similar to the early state, we observed that the heat
hypersensitivity was also significantly decreased at day 14 after CFA injection

by suppressing the fear recall engram (Figure 33B).

Indeed, pain is a multidimensional experience integrating nociceptive
processing with aversive and cognitive-motivational components (Baliki and
Apkarian 2015; Wiech and Tracey 2013). Considering that pain and fear
behavioral states share a common aversive component, we also addressed the
possible scenario that suppressing behaviors associated with pain perception
by inhibiting the fear recall method, is linked to aversion. In order to test this
hypothesis, we designed experiments testing optogenetic silencing of the
prefrontal fear engram with respect to aversion in the absence of nociceptive
component. We established a task employing aversive white noise in a
modified real-time place avoidance paradigm, in which mice increasingly
avoided a chamber coupled with aversive white noise, spending more time in
the chamber with less noise. We observed although CFA-injected mice showed
a slightly enhanced tendency toward aversive-freezing behavior, the mice with
optogenetic suppression of the PL remote fear engram population exhibited a
similar noise-related avoidance as control mice (Figure 34A). Similarly, we
sought to determine whether the suppression of pain perception by silencing
of the fear recall engram is specific to pain or also reflects modulation of
anxiety, which is also seen in pain states but is not specific to pain. We
employed two classical anxiety behavioral tests, namely open field (OP) and
elevated plus maze (EPM). Mice with optogenetic suppression of the
prefrontal remote fear recall population did not show significant differences
from control ArchT-expressing mice without illumination in all parameters of
anxiety testing (Figure 34B, C). Thus, unlike the suppression of pain, this
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optogenetic inhibition of the PL remote fear memory engram did not generally

affect aversion or anxiety encoding.

To further verify the expression and functionality of fear recall labeling and
ArchT expression, we analyzed c-Fos as a marker for neuronal excitation. In
mice with ArchT expression with lazer illunination, c-Fos expression in the PL
was significantly decreased (Figure 35A). Simultaneously, the overlap
population labeled both by formal fear recall engram (Venus) and fear recall
stimulus were also decreased in sham mice and CFA-injected mice (Figure
35B). The same tendency was observed with overlap ratio which overlap
population counts divided by fear recall engram labelled population or fear
recall stimulus activated population (Figure 35C). This evidence confirms the
efficiency of optogenetic inhibition, with the same inhibition of remote fear
engram populations in both inflammation pain mouse model and

physiological sham control.
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Figure 32. Optogenetic suppression of PL fear engram under inflammatory pain
conditions. A, schematic showing the bilateral injection of virus combination and optic fiber
implate into the prelimbic cortex. Experimental schematic showing the timeline of two-times
(acute stage or chronic stage) fear labeling and behavior tests with ArchT suppression. B,
Freezing behavior analysis of first and second fear condition and fear recall labeling. Data from
12 mice, p<0.05 indicated by *, compare to baseline, one-way ANOVA with Bonferroni
correction. C, Freezing behavior analysis between non-surgery control mice and the mice took
virus injection and optic fiber implantation. Control group n=4, virus injection and optic fiber

implantation group n=12. Unpaired t test was performed.
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Figure 33. Analysis of fear and pain behavior upon optogenetic suppression of the PL

fear engram. A, quantification of fear freezing behavior with or without ArchT-induced

suppression before CFA injection. p<0.05 indicated by *, based on two-tailed paired t-test.

Counting data from 12 mice of both groups. B, quantification of heat hypersensitivity behavior

test with or without ArchT-induced suppression after CFA injection, in the acute stage (2-3 days

after CFA injection) or chronic stage (14-15 days after CFA injection). p<0.05 indicated by *,

based on two-tailed paired t-test. Data from 6 mice per group. All data are represented as

mean + SEM.
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Figure 34. Analysis of non-painful aversion behavior upon optogenetic suppression of
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Figure 35. Analysis of fear cue stimulus-activated c-Fos expression upon optogenetic
suppression of PL fear engram. A, Sample image of fear engram labeling via fear recall and
c-Fos expression via fear cue stimulation, in CFA injected mice or sham mice. Arrows indicate
overlapping cells. Scale bar represent 100 um. B, quantification of c-Fos positive cells, or
ArchT and c-Fos overlapping cells in the prelimbic cortex after fear cue stimulation in CFA
injected mice or sham mice. C, overlap ratio of ArchT positive cell also c-Fos positive, and
c-Fos positive cell also ArchT positive. p<0.05 indicated by #, compared between CFA and
sham group; p<0.05 indicated by *, compared between Laser OFF and Laser On in each
group, based on two-tailed paired t-test. Counting data from 4 slice per mice, 3 mice per group.

Data are represented as mean + SEM.
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3.10 Suppression of random neurons in the prelimbic
cortex does not impact on post inflammatory heat

hypersensitivity

To further investigate the specificity of this modulation of pain by the remote
fear memory ensemble, we next engineered cells to express the inhibitory
opsin ArchT randomly under the synapsin promoter, which enable expression
across all neuronal population (Figure 36A). Upon random expression of
ArchT followed fear conditioning and labelling, optogenetic suppression did
not show the difference in fear recall behavior (Figure 36B). In the Hargreaves
test post-CFA, we did not observe any change upon laser illumination in pain
perception (Figure 36C). Following optogenetic suppression of the random PL
population investigated c-Fos expression in the PL. Optogenetic suppression
did not impact on c-Fos expression and overlap ratio between fear and pain
engram in the PL (Figure 37), which indicates that unspecifical expression of
ArchT in random PL neuron population could not suppress the fear engram in
the PL. These experiments demonstrate that modulation of pain population is
specific to the fear recall engram and not caused unspecifically by random

neurons of the PL.
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Figure 36. Optogenetic (ArchT) suppression of random prelimbic population and
associated behavioral tests. A, Schematic showing the design of synapsin-based sparse
labeling of random prelimbic neuronal population and the timeline of behavioral tests after
ArchT-induced suppression and fear cue stimulation. B, quantification of fear freezing behavior
with or without ArchT-induced suppression of random PL neuron before CFA injection. C,
quantification of heat hypersensitivity behavior test with or without ArchT-induced suppression
of random PL neuron after 2 days of CFA injection. All test analysis based on two-tailed paired
t-test, data from 6 mice per group. Baseline data from both paw of the mice. All data are

represented as mean + SEM.
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Figure 37. Analysis of fear cue stimulus-activated c-Fos expression upon optogenetic
suppression of PL random neurons. A, Sample image of PL random neuron labeling via
and c-Fos expression via fear cue stimulation, post CFA injection. Scale bar represent 100 ym.
B, quantification of c-Fos positive cells, or ArchT and c-Fos overlapping cells in the prelimbic
cortex after random neuron labeling and fear cue stimulation, post CFA injection. C, overlap
ratio of ArchT-positive cells that are also c-Fos positive, and c-Fos-positive cells that are also
ArchT-positive. All analyses based on two-tailed paired t-test. Counting data from 4 slice per

mice, 6 mice per group. Data are represented as mean + SEM.
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3.11 Activation of PL fear engram coding neuron

deteriorating acute pain behavior post capsaicin injection

Our work thus far suggested that suppressing the fear engram in the PL
attenuates pain. This raised the question as to whether activation of the PL
fear engram is involved perception and facilitates it. Therefore, we engineered
PL neurons engineered cells active during remote fear recall to express the
classical excitatory opsin Channelrhodopsin-2(ChR2), which stimulates
neuron electrical excitability upon illumination with blue light (Figure 38A).
To verify specific labelling of the fear engram and ChR2-mediated neuronal
activation in vivo, we first tested freezing behavior during fear recall after
labelling the fear engram labelling with YFP-tagged ChR2. Upon blue light
illumination of the PL fear engram, mice show an increase in freezing
behavior in the absence of any fear cues, which consistent previous reports
(Figure 38B). Next, we tested heat sensitivity of these mice upon optogenetic
activation the PL fear engram. We observed that upon activating the fear
recall engram, mice showed an increased sensitivity to thermal stimuli which
was evident as a drop in latency to infrared heat in the Hargreaves test
(Figure 38D). Furthermore, mice with ChR2-mediated activation of the fear
recall population in PL spent significantly more time in exhibiting nocifensive
behaviors upon hind paw capsaicin injection, such as licking, flicking, and
lifting, as compared to capsaicin-evoked responses in the other paw upon
absence of blue illumination  (Figure 38E). To further investigate the
specificity of this fear recall engram-dependent modulation, we also tested
anxiety and conditioned fear in an open field. Mice did not show a significant
change in anxiety or immobility behavior after optogenetic activation of the
fear recall engram (Figure 38C). Last, we investigated c-Fos expression in
these mice post-capcaisin injection (Figure 39A). In mice with laser
illumination, c-Fos positive cells in the PL were significantly higher in number

than in mice without laser illumination of the PL fear engram (Figure 39B).
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Capcaisin injected mice did not show a further increase upon optogenetic
activation, which could be because capsaicin injection is a strong nociceptive
stimulus and activates a large number of cells in the PL (Figure 39B). We also
analyzed c-Fos expression in cells labeled by fear recall. Mice with optogenetic
activation of the fear engram showed a large overlap with the neurons
expressing c-Fos upon capsaicin stimulation (Figure 39B, C) Overall, these
result indicate that modulation of the remote fear engram in the PL exhibits a
bivariate regulatory nature, which affects acute pain perception in both
positive and negative dimensions upon excitation or inhibition of fear

memory.
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Figure 38. Impact of optogenetic activation of PL fear engram on capsaicin-mediated
tonic pain. A, schematic showing the experimental design, virus combination injection and
optic fiber implantation into the prelimbic cortex. Experimental schematic showing the timeline
of fear labeling and behavioral tests with ChR2 activation after a capsaicin injection. B,
quantification of fear freezing behavior, or C, aversion open field test, or D, heat
hypersensitivity behavior test with or without ChR2 activation before capsaicin injection. E,
quantification of pain related behavior with or without ChR2 activation after capsaicin injection.
p<0.05 indicated by *, all the analysis based on two-tailed paired t-test. Data from 15-17 mice.
All data are represented as mean + SEM.
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Figure 39. Analysis of c-Fos expression after optogenetic activation of PL fear engram
or capsaicin injection. A, Sample image of fear engram labeling neurons and c-Fos
expression with or without fear engram optogenetic activation and capsaicin injection to induce
tonic pain. Arrows indicate overlapping cells. Scale bar represents 100 um. B, quantification of
c-Fos positive cells, or ChR2 and c-Fos overlapping cells with or without fear engram
optogenetic activation. C, overlap ratio of ChR2 positive cell also c-Fos positive, and c-Fos
positive cell also ChR2 positive. p<0.05 indicated by *, compared between Laser OFF and
Laser On in each group, based on two-tailed paired t-test. Counting data from 4 slice per mice,
7-8 mice of each capsaicin injection group and 2 mice of each sham group. Data are
represented as mean + SEM.

114



DISCUSSION

4 Discussion

The modulation of pain perception involves different levels of peripheral
versus central regulation, including selective spinal cord processing-mediated
regulation or brain integration of input signals. Here, we first generated
conditional knock out mice for a key GABAA receptor subunit in all DRG
sensory neurons or specifically in nociceptors and investigated the influence of
spinal presynaptic GABAergic inhibition on mechanical punctate allodynia as
well as dynamic allodynia. Next, we identified underlying spinal circuits using
IEG expression time interval based dual-epoch method. In a second study we
continued the theme of inflammatory pain modulation by exploring
interaction between fear memory and inflammatory and tonic pain using
IEG-based cell-tagging, optogenetic approaches and a large number of
behavioral readouts, revealing that prefrontal fear engrams facilitate tonic and

inflammatory pain perception.

4.1 Motor function of GABAAB3 knock out functions of

PSI in mechanosensation and behavior

GABAergic presynaptic inhibition correlates to sensory-motor control.
GABAergic inhibitory interneurons that make axo-axonic connections with
sensory terminals vary from other spinal GABAergic neurons. Fink et al.
reported that Presynaptic inhibition at sensory-motor synapses is mediated by
GABAergic Gad2-expressing interneurons, and their selective elimination
causes motor vibrations during goal-directed reaching (Fink et al. 2014).
Presynaptic inhibition operates in various relays of the somatosensory
systems. A study showed that loss of GABAARs in somatosensory neurons
after weaning led to tactile hypersensitivity and impaired tactile information
processing and responsiveness during development, resulting in abnormal
anxiety and social interactions in adult mice (Orefice et al. 2016). The motor
function of sensory neuron GABAA3 knock-out mice shows that GABA has a
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slight impact on the fine movement in different ways. Advillin-GABAAP3
knock-out mice were observed to exhibit an over movement in the home cage
test, with loss of GABAARs in somatosensory neurons leading to anxiety-like
and exploratory behavioral alterations. This result is consistent with a recent
study that concluded that somatosensory neuron-specific GABAAP3
conditional knock-out mice show increased exploratory behavior, spend more
time in the center chamber of the open field test and display less aversion to
the open arms of the elevated plus-maze test. This may be owig to
GABAAR-dependent presynaptic inhibition underlying the glabrous skin
innervating Ap- low-threshold mechanoreceptor (LTMR) terminals, thus
giving a substrate for acuity control (Orefice et al. 2016; Zimmerman et al.

2019).

4.2 Pain-related sensation change of GABAA33 knock out

Our deletion of GABAAB3 in sensory neuron mimics punctate mechanical
hypersensitivity upon previously upon embryonic or adult deletion of these
subunits (Pagadala et al. 2013; Orefice et al. 2016; Zimmerman et al. 2019),
showing that these receptors play an important function in regulating
punctate mechanosensation. To investigate the presynaptic GABAA effect on
different sensations, we further performed several basal sensation behavior
tests. Advillin-GABAAB3 mice did not cause deficits in D-hair-related
innocuous touch sensation or sensorimotor function or exhibited thermal or
dynamic mechanical hypersensitivity. In contrast, we did not observe a
punctate mechanical but heat hypersensitivity phenotype on the mouse line in
which the GABAA3 is knocked out selectively in primary nociceptors in this
study. In the previous study, the amplitude of GABAA receptor current was
significantly reduced in these mice compared to wild-type mice,
demonstrating that a functional loss of presynaptic GABAA receptors might

cause a reduction of the threshold of nociceptive sensation. Considering that
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injurious heat information 1is generally mediated by TRPVi1-positive
nociceptor (Mandadi and Roufogalis 2008), whereas punctate mechanical
sensation is mediated more by AP sensory neurons (Cheng et al. 2017; Sakai
and Akiyama 2020), such results may reflect the heterogeneity of these two

different sensory modalities.

4.3 GABAAB3 deletion from nociceptors impacts on

punctate, but not dynamic, inflammatory allodynia

Brush-evoked dynamic and filament-evoked punctate hypersensitivities are
two types of mechanical hypersensitivity that may be debilitating for millions
of people suffering from chronic pain. Cheng et al. first reported a mice
phenotype with a reduction in dynamic mechanical hypersensitivity induced
in SNI nerve injury or CFA inflammation mice model (Cheng et al. 2017). The
mice lost the brush-evoked nocifensive responses through ablation of
VGLUT3 and Lbx1 co-expression in spinal neurons throughout development
(VT3 neurons). In this study, SNS-GABAAB3/- and Advillin-GABAAP3™-
mice were challenged in different pain-related sensation behaviors,
post-inflammatory injury. However, the SNS-GABAAP37- mice did not
develop punctate allodynia but showed preservation of dynamic
hypersensitivity, having an opposite phenotype with VT3'**! mice. However,
each of these two contrasting phenotypes is due to a different mechanism. In
humans study, brush-evoked dynamic allodynia is considered to be
transmitted via myelinated A or AS mechanoreceptors (Campbell et al. 1988;
Torebjork et al. 1992; Ochoa and Yarnitsky 1993; Koltzenburg et al. 1992).
Under the inflammatory condition, punctate or dynamic mechanical allodynia
activates the targeted CR neurons in lamina II by engaging CCK or
tVGLUT3-expressing neurons in lamina III. To evoke mechanical allodynia,
these CR neurons subsequently activate projection neurons (PNs) directly or

indirectly through vertical cells. (Peirs et al. 2021). In DRG, after
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inflammatory injury, an increased G®ABA after inflammatory injury would
convert presynaptic inhibition to excitation (Chen et al. 2014); hence,
enhancing a cross activation of the pain pathway by non-nociceptive input,
with AP mechanoreceptors contributing to the C-fiber input (Da Guo, 2017).
Since CR neurons receive both A-fiber and C-fiber inputs from DRG, the
enhanced activation of nociceptive pathways could also contribute to allodynia.
Here, we only observed a dynamic hypersensitivity but not punctate allodynia,
suggesting that this presynaptic modulation to some extent can influence
distinct mechanoreceptive modalities. Among other sensations, we did not
observe significant differences in the formation of hypersensitivity after injury
in knockout and control mice, which also suggests that loss of GABA uniquely

affects the formation of punctate mechanical allodynia.

GABA is an important transmitter that induces presynaptic inhibition via
generating the primary afferent depolarization (PAD), which prevents the
production of excitatory transmitters by a primary afferent central terminal
(Gradwell et al. 2020). Depolarization of the central terminals of nociceptors
can inactivate voltage-gated calcium channels, reducing calcium inflow and
transmitter release. PAD may also inactivate voltage-gated sodium channels,
as well as have a shunting effect by opening the GABAA receptor; as a result,
action potential propagation towards primary afferent terminals may be
hampered. It was previously reviewed that GABAA receptor agonists had
analgesic benefits in neuropathic pain situations were previously evaluated,
but their effects in inflammatory pain were debatable (Guo and Hu 2014).
Analgesia effect has been attributed to both agonists and antagonists of the
GABAA receptor. This ambiguous impact of the GABAergic system might be
explained by a distinct event known as the dorsal root reflex (DRR), which
occurs exclusively after inflammation but not after nerve damage. (Willis
1999). Here, a paw edema reduction was observed post inflammation in
SNS-GABAAB3”/-mice. In a summary, DRR is caused by a strong form of PAD
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capable of evoking an action potential. PAD now has an excitatory rather than
an inhibitory effect, and the mechanical allodynia induced by inflammation is
most likely owing to the excitatory switch of the GABA effect, which is
triggered by increased PAD strong enough to activate action potentials. (Da

Guo, 2017; Price et al. 2009; Garcia-Nicas et al. 2001; Cervero et al. 2003).

4.4 An intermingled pattern of punctate and dynamic

allodynia post-inflammation

It has been previously demonstrated that 2 days after CFA injection, GABA
fails to suppress high Cl- Ringer's solution generated calcium transition in the
mouse spinal cord tissue slice; however, GABA alone could generate calcium
influx in more presynapses in the spinal cord from CFA-injected mice (Da Guo,
2017). Here, a distinct punctate allodynia circuit deactivation was observed in
nociceptor GABAA receptor knock mice in the spinal cord dorsal horn laminae
I-III. This is consistent with the earlier hypothesis, where an excitation effect
of GABA generated by peripheral inflammation, suggested a presynaptic
inhibition effect of GABA switch to excitation in peripheral inflammation (Guo
and Hu 2014). The circuit of punctate and dynamic mechanical allodynia was
well discussed in a previous study. However, most studies have emphasized
the postsynaptic disinhibition function of interneurons in laminae III-IV and
correlated excitatory neurons in laminae II. In the present study, we
demonstrated another aspect of inhibition - presynaptic inhibition, involved
in the regulation of the mechanical allodynia circuit. Despite this, we further
discriminated the punctate and dynamic allodynia circuit, uncovering an
intermingled activation pattern post-inflammation. In our results, after
inflammation, punctate and dynamic stimuli activated cells formed an
intertwined neural network in spinal cord laminae I-III, where some cells
contributed to a distinct modality of mechanical allodynia circuit; however, a

few others responded to both. In particular, in mice with deleted GABA,
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neurons that should have been activated by punctate stimulation did not show
an expression response of c-Fos. This indicated that punctate stimulation due
to GABA absence did not occur in response to excitation switch after

inflammation.

Recently, a study showed that Blocking glycinergic transmission in the spine
can cause transitory dynamic allodynia but not punctate allodynia. (Lee et al.
2013; Miraucourt et al. 2009), when glycine receptor inhibitor, strychnine,
was administered intrathecally. In contrast, Only punctate, but not dynamic
allodynia was produced by bicuculline, a GABAA receptor inhibitor (Shi et al.
2019). These findings imply that dynamic allodynia is more susceptible to
glycinergic transmission failure than punctate allodynia, and that inhibiting
spinal glycinergic transmission causes dynamic allodynia exclusively.
Dynamic allodynia, on the other hand, may be more susceptible to GABAergic
transmission regulation than punctate mechanical allodynia. This is
consistent with the study observations. First, the neuron population encoding
the response to punctate or dynamic mechanical allodynia shows separate but
partial overlap. Second, the GABAA receptor loss could reduce the population
response to punctate mechanical allodynia, but not dynamic allodynia. Third,
the reduced population is not only from the punctate allodynia coding specific
cells; however, the overlapping ones also show a response to dynamic

allodynia.

Although activation of GABAA receptors is commonly recognized as a major
factor in the presynaptic inhibition of both nociceptors and LTMRs,
glutamatergic N-methyl-D-aspartate receptor (NMDAR) could also regulates
sensory inputs presynaptically on sensory neuron terminals in the dorsal horn.
(Zimmerman et al. 2019). Zimmerman et al. defined two distinct circuits of
presynaptic inhibition of cutaneous somatosensory neuron inputs to the
spinal cord. Low-threshold cutaneous afferents elicit a GABAA
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receptor-dependent presynaptic inhibition, whereas small-diameter afferents
elicit an NMDAR-dependent presynaptic inhibition that inhibits
large-diameter fibers.  This evidence suggests there different modes of
presynaptic inhibition play different roles in distinct forms of allodynia. To
provide an integrated understanding of the mechanisms of allodynia circuit
switching, a differentiated study of the effects of different peripheral neuron
types on presynaptic inhibition, coupled with the mechanisms of postsynaptic

inhibition in the spinal cord, will be required in the future.

4.5 Calretinin neurons participate in the punctate

allodynia formation in the spinal cord

The primary relay point for innocuous and noxious sensory information is the
spinal dorsal horn. This location integrates sensory inputs via a complex
neural circuit that includes both excitatory and inhibitory interneurons,
ultimately recruiting projection neurons to transmit the touch or pain
information to the brain (Bohlen et al. 2011; Todd 2010a). Changes in the
activity of these interneurons have a substantial impact on touch and pain
perception (Petitjean et al. 2015; Peirs et al. 2015a; Cui et al. 2016).
Calretinin-expressing (CR) interneurons form up a substantial population in
the dorsal horn's superficial layers. Anatomical and electrophysiological
evidence (Smith et al. 2016; Smith et al. 2015), as well as behavioral studies
including specific neuron ablation methods (Duan et al. 2014) or
pharmagenetic activation of CR neuron (Peirs et al. 2015b), all point to CR
neurons being involved in the processing of noxious inputs and the production
of mechanical allodynia, or pain induced by innocuous stimuli. Petitjean et al.
demonstrated that CR neuron stimulation can elicit nocifensive responses in
addition to acting as amplifiers of incoming sensory signals, which mice show
indications of spontaneous pain, such as facial grimacing, shortly after
chemogenetic stimulation of CR neurons (Petitjean et al. 2019). About half of
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the excitatory inputs to these projection neurons come from CR neurons,
which have a direct connection to ascending pathway. These evidence
highlights that the CR neurons are important for the activation of nociceptive
circuits. Our c-Fos data show both punctate and dynamic mechanical stimuli
activated cell partial expression CR in control mice, reaching a ratio of 19.8%
and 20.8% in lamina I-II, respectively. This is consistent with the study by
Peirs et al., who reported that after activation of hM3Dq in VGLUT3®" mice,
the c-Fos was costained with 28% of calretinin® neuron in lamina I-II (Peirs
et al. 2015b). Furthermore, further c-Fos studies for mechanical allodynia in
the setting of chronic pain models revealed that CR neurons had a greater
number of c-Fos+ cells following inflammatory injury than after nerve injury.
Moreover, from a recent study, Peirs et al. showed in inflammatory pain
models, but not in neuropathic pain models, targeted CR neurons are
important for conveying mechanical allodynia, while inhibition of the CR
neurons in the CFA model caused a statistically significant reversal of
punctate mechanical allodynia. (Peirs et al. 2020). CR neurons are highly
interconnected, as demonstrated by an in vitro electrophysiology study, which
showed that CR-ChR2 neurons exhibit diverse functional excitatory synaptic
connections within the dorsal horn. This study showed that CR neurons
establish an excitatory network when participating in chronic pain networks
based on both intrinsic and extrinsic properties; thus, producing persistent
activation after intense stimulation and acting as pain amplifiers (Smith et al.
2019). Our data are in line with these observations that CR neurons represent
a mechanism for the role of presynaptic GABAA receptor involvement in
punctate mechanical allodynia post-CFA. We therefore suggest that not only
the postsynaptic input from the interneuron of deep III-IV lamina, but also
the excitation of the presynaptic terminal from nociceptors in lamina I-II,
may modulate inflammatory pain processing via CR neurons. CR neurons
simultaneously receive high threshold excitatory inputs and also mediate low
threshold afferents. This is not contradictory but suggests that inflammatory
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allodynia consists of additional factors and that the enhancement of high
threshold nociceptive signals also influences the formation of nociceptive
sensitization, while low threshold touch signals pass through postsynaptic

gating in deep laminae.

4.6 PV neurons participate in the punctate allodynia

formation in the spinal cord

Unlike CR neurons, spinal cord parvalbumin-expressing (PV) inhibitory
interneurons neurons, which predominate in lamina IIT - IV, have recently
been shown to be involved in axo-axonic synapses with non-nociceptive A8
afferents, or larger myelinated fibers. (Hughes et al. 2012). These Axo-axonic
synapses on the primary afferent fiber central terminals regulate sensory
input and anatomical correlates of presynaptic inhibition. Consequently, PV
expressing neurons play a crucial role in the development of tactile allodynia
and central sensitization. GABA release at axo-axonic synapses mediates
presynaptic inhibition, which leading to GABA-mediated PAD (Kullmann et al.
2005). Boyle et al. reported PV-expressing interneurons as a source of
presynaptic inputs onto several classes of myelinated LTMRs from both hairy
and glabrous skin, where individual PV interneurons can mediate two distinct
forms of inhibition, namely, presynaptic inhibition of LTMR afferents and
postsynaptic inhibition of vertical cell dendrites (Boyle et al. 2019). A recent
study has established that virtually all central terminals from myelinated
afferent fibers arborizing in the LTMR-recipient zone (LTMR-RZ; laminae
ITi-IV) are associated with inhibitory axon terminals (Abraira et al. 2017) and
that a significant proportion of these inhibitory inputs express PV. This
implies that all LTMRs are under presynaptic control and that many of these
axoaxonic synaptic inputs are derived from PV cells. Selective ablation of
spinal PV interneurons leads to the development of mechanical
hypersensitivity, whereas the chemogenetic activation of these cells in
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allodynic mice restores normal mechanical thresholds (Petitjean et al. 2015).
Boyle et al. showed that selectively blocking synaptic transmission from PV
cells, innocuous peripheral manipulation produced robust c-Fos
immunolabeling throughout laminae I-IV of the spinal cord dorsal horn
(Boyle et al. 2019). Here, our result showed that GABAA receptor knockout
from the nociceptor reduces the ratio of activation of PV cells, while excitation
loss also reduces the PV cell leading to presynaptic inhibition. This further
suggests that there are multiple modes of presynaptic inhibition. A possible
explanation is that after inflammation, presynaptic inhibition transfer to
excitation not only activates the excitatory neuron located in lamina II but also
reduces the inhibitory interneuron in laminae III-IV, which opens the gate of

LTMR, producing allodynia.

4.7 Dual-epoch mapping method to discriminate punctate

and dynamic allodynia circuits in spinal cord

There are limitations to existing mainstream neuroscience research methods
for distinguishing between two distinct neurobehavioral pathways. Traditional
electrophysiological recordings can record only a small number of neurons at
a time; while calcium imaging recordings can only be made in spinal cord
sections, and even two-photon microscopy can detect signals in the more
superficial layers of the dorsal horn of the spinal cord. Thus, behavioral
neuroscience requires a molecular imaging technique that can compare
activity patterns of different physiological states at the cellular level. Several
innovative functional imaging methods of IEG-based genetic mouse models
such as TetTag, TRAP, or CANE mice have been developed to examine the
neural correlates of two distinct stimuli (Zhang et al. 2015; Guenthner et al.
2013; Sakurai et al. 2016). However, these methods require waiting for the
expression of the secondary signal and switching off the expression of the

reporter after the first stimulus is applied. For transient stimuli such as
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mechanical pain, all the aforementioned methods take too long to open and
close the behavioral recording channel. The spinal cord regularly receives
signals from peripheral sensations; thus, would generate excessive
background noise to obtain a reasonable signal-to-noise ratio. Therefore, to
investigate the activity pattern of dynamic and punctate mechanical allodynia
post inflammation, we chose to perform the IEG gene-based dual-epoch
method to discriminate the population involved. The strengths of this method
are as follows. After the first stimulation, it does not require any intervention
with the animal; therefore, the second stimulation can be performed directly.
Moreover, the interval between the first and second stimulation is only 2—3 h,
which minimizes the possibility of the animal being affected by other factors.
As with the techniques aforementioned, we can characterize the type of
neuron by co-staining with other markers and obtain a spatial representation
of the population by post-processing the image transformation. However,
there are still limitations to such a technique. It is unable to detect neurons
below the detection threshold or inhibited by a stimulus; this poses difficulties
for our understanding of the spinal pathway of touch sensation in the
physiological state. As normally low threshold neural activity does not result
in high expression of c-Fos genes; therefore, we cannot use this technique to
understand the population of non-pain sensations in the spinal cord before
the injury. In conclusion, this method permits a dual-activity mapping of
neuronal activation in mice with single-cell resolution. It provides a powerful
methodology, complementing electrophysiological and other functional
imaging methods, for identifying neural circuits responsible for the internal

representations of different behavioral and sensation modalities.

4.8 Partial colocalization of the fear engram with

neuronal ensemble activated in heat pain in the murine
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prelimbic cortex

The medial prefrontal cortex (mPFC) is implicated in processing
sensory-discriminative and affective pain and undergoes marked remodelling
in chronic pain patients (Kummer et al. 2020; Kuner and Kuner 2021).
Nonetheless, the underlying mechanisms are poorly understood. In our
labotaroty, we previously demonstrated the role of fear-activated neurons in
the PL cortex, a sub-region of mPFC, in the regulation of tonic pain sensation
behaviors. In that study, we injected capsaicin, TRPV1 agonist activating
nociceptors acutely, as an tonic pain model. This study established a
prefrontal cellular basis of pain perception, which partly overlapped with
prefrontal fear memory recall engrams, revealing a powerful synergism
between the prefrontal circuitries for retrieval of learned fear and pain. It also
suggests that persistent pain has a major component associated with a fearful
memory. Here, we demonstrated that in chronic inflammatory pain
conditions, the overlap between the fear engram and the heat pain engram in
the prelimbic cortex undergoes marked expansion, suggesting that the
interaction between fear and pain is accentuated in chronic pain conditions.
This evidence provides a cellular-level understanding of the -clinically
observed interaction between anticipatory fear states and enhanced pain
perception (Labrenz et al. 2016; Wiech and Tracey 2013), and partly elucidate
the mechanism by which chronic fear perpetuates pain and leads to its

chronicity (Rusu et al. 2014; Vlaeyen and Linton 2000).

4.9 PL fear engram coding neuron activation increase the

acute pain perception

According to the cellular basis above, we the asked whether a direct
manipulation of prefrontal fear memory engrams at chronic stages after fear
conditioning can facilitate pain perception. Further, it would be an aid for
understanding whether the extinction of fear memory can clinically alleviate
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chronic pain, in the context of cognitive-behavioral therapy (Meulders et al.
2015; Meulders et al. 2017; Greenwald and Shafritz 2018). Previously,
optogenetic suppression of fear engram was observed in capsaicin-induced
acute pain context, possibly reducing the pain duration. Here, optogenetic
activation of PL fear engram in acute pain perception led to an increase of
pain-related behavior, which demonstrates a key role of fear engram neurons
in the regulation of acute pain-coping behavior (Huang et al. 2019). Both
activation and inhibition of PL fear memory component neurons can
positively or negatively affect pain perception, which is reflected in behavioral
observations of increased or decreased protective behavior towards injury.
This suggests that the neurons involved in the consolidation of cued fear
memory composition or modulation in PL are also involved in acute pain
modulation by some mechanism. Dale et al. reported that acute pain raises
prefrontal cortex neuron firing rates, and raising basal prefrontal firing rates
can improve cortical pain control gain. (Dale et al. 2018). However, their
findings do not necessarily indicate that the PFC contains distinct
pain-processing or pain-regulatory neurons. Rather, these results more
indicate that one of the most important functions of PFC neurons is to
respond to nociceptive inputs. This evidence complements the findings before,
in which the fear-pain regulation population in PL could have a bi-directional
regulation to assessing the positive or negative effects of anticipation on pain
perception. Furthermore, throughout diverse behavioral tasks, prefrontal
neurons have been shown to have mixed selectivity (Rigotti et al. 2013). Our
evidence implicates the prefrontal cortical circuitry as a causally relevant
entity in mediating these interactions, which could be influencing pain

perception by judging fear expectations positively or negatively.

4.10 PL fear engram suppression decrease the heat
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hypersensitivity in chronic inflammatory pain

Previously, we have confirmed that optogenetic inhibition of PL remote fear
engram could reduce tonic pain behavior induced by capsaicin injection. This
implies that perception of ongoing pain causally entails a major component of
fear memory that is encoded in prefrontal circuits by prior exposure to a
painful stimulus. Not only can these insights provide a cellular understanding
for well-known interactions between anticipatory states and heightened pain
sensation (Labrenz et al. 2016; Wiech and Tracey 2013), but also
mechanistically explain why long-term fear can perpetuate pain and
predispose towards pain chronicity (Rusu et al. 2014; Vlaeyen and Linton
2000). In this study, we further presented evidence that direct suppression of
prefrontal fear memory engrams at chronic time points after fear conditioning
can decrease heat pain perception in an inflammatory pain setting. This result
indicates that chronic inflammatory pain can be partly disrupted by inhibition
of the prefrontal cellular substrates of fear memory, which provides a further
understanding of whether the suppression or distinction of fear memory could
clinically alleviate chronic pain. In the context of cognitive-behavioral therapy,
the mPFC is assumed to be involved in the alteration of the default mode
network and to be a major driving force in the process of central sensitization.
In terms of cellular mechanisms, the mPFC may form new neural circuits
through long-term potentiation that may cause the extinction of pre-existing
pain pathways found within fear-related brain circuits (Greenwald and

Shafritz 2018; Meulders et al. 2015; Meulders et al. 2017).

The interactions between pain and fear are complicated and multifaceted.
Fear of pain has been related to exaggerated pain experiences in the
‘fear-avoidance model,” which matches clinical results in patients with chronic
pain. In contrast, this study specifically tested how suppression of a long-term

fear ensemble influences pain sensitivity independent of the fear-inducing
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context. Here, we observed that indicators of both avoidance and aversion
were not included in this distinct pain-fear interaction, simulating a clinical
scenario in which pain is exaggerated by fear, ruling out other possible

cognitive effects on this pathway in mPFC.

Our study describes a mechanism that long-term fear instilled by pain can
perpetuate pain and further predispose towards pain chronicity, and the
prefrontal cortical circuitry as a causally relevant entity in mediating these
interactions. Overall, our findings suggest that overcoming anticipated fear by
inhibiting prefrontal circuits can reduce acute versus chronic inflammatory
pain perception. These findings provide a cellular mechanism for establishing
and optimizing closed-loop interventions that target the activity of prefrontal
circuits. Treatment of inflammatory pain in patients with fear and pain
comorbidities using prefrontal neural stimulation or modulation would be

promising and shape the way for individualized future pain therapies.

4.11 Conclusion

From the study of spinal cord microcircuits activated in dynamic and punctate
allodynia under inflammatory pain conditions, a distinct presynaptic
GABAergic excitatory modulation of punctate mechanical allodynia and
underlying spinal circuits was depicted. In conclusion,

1. Nociceptor-specific GABAAB3 knock-out mice did not show obvious
changes in motor function; however, GABAAR knockout in all peripheral
sensory neurons had a slight impact on fine movement.

2. Nociceptor-specific GABAAP3 knock-out mice did not develop punctate
mechanical allodynia, but showed preserved dynamic mechanical allodynia
under inflammatory pain conditions.

3. Under inflammatory pain conditions, punctate and dynamic mechanical
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stimuli shaped intermingled neuronal activation patterns in the spinal cord
dorsal horn.

4. Nociceptor-specific GABAAP3 knock-out mice showed significantly
reduced activation of spinal neurons upon punctate mechanical stimulus
post-inflammation.

5. Nociceptor-specific presynaptic GABAAP3 knock-out mice showed
significantly reduced activation of spinal Calretinin-expressing and
Parvalbumin-expressing neurons in response to punctate mechanical stimuli

post-inflammation.

From the study of the cellular prefrontal basis for modulation of inflammatory
pain by fear, we have unraveled a remote fear engram enhancing tonic pain
perception, and demonstrated that inhibition of this population reduces the

inflammatory thermal pain perception.

In conclusion,

1. In the mouse prelimbic cortex, the remote fear neuronal engram was
largely distinct with the population activated by heat pain; however, a small
degree of overlap in activated neurons was seen, which expanded significantly
in inflammatory pain conditions.

2. Optogenetic activation of the prelimbic remote fear engram enhanced heat
pain perception.

3. Optogenetic suppression of the prelimbic remote fear engram reduced heat

hypersensitivity in chronic inflammatory pain.
Thus, the contributions made by these studies is anticipated to be useful to the

scientific community in understanding and developing novel treatment

strategies for inflammatory pain.
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5 Summary

One of the characteristics of inflammatory pain is mechanical allodynia, which
occurs in distinct forms, including dynamic and punctate mechanical
allodynia. Although the spinal cord circuitry of mechanical allodynia is well
understood in terms of postsynaptic inhibition, the contribution of
presynaptic inhibition to these distinct forms is not clear. Here, we used an
IEG-based dual epoch method to simultaneously visualize the population
correlates and the circuitry involved in these two contrasting types of
mechanical allodynia in the spinal cord dorsal horn at a single-cell resolution.
To investigate the role of presynaptic inhibition in these circuits, we also
generated mice conditionally lacking GABAA receptors in DRG sensory
neurons (Advillin-GABAAB3/-) or nociceptive neurons (SNS-GABAAB37"). In
conditions of inflammatory pain induced by paw inflammation,
SNS-GABAAPB3”- mice did not develop punctate mechanical allodynia, while
dynamic mechanical allodynia was still preserved. We observed that punctate
and dynamic mechanical stimuli shape distinct activation patterns of
intermingled neurons in the spinal cord dorsal horn under inflammatory pain
conditions. Only the neuronal population activated by punctate mechanical
stimuli was significantly reduced in SNS-GABAAB3”/- mice as compared to
control littermates. The activation of spinal neurons expressing Calretinin and
Parvalbumin activated by punctate mechanical stimuli was significantly
reduced in SNS-GABAAB3”/- mice. Collectively with previous studies, these
results support the hypothesis that presynaptic GABAergic inhibition switches
to excitation in nociceptors under inflammatory pain conditions, and
particularly modulates punctate mechanical allodynia. Moreover, this study is
amongst the first to visualize the circuit population of these two distinct forms
of mechanical allodynia and demonstrates the distinct, but intermingled,
patterns shared between them. This work has significant impact on the

current consideration of GABA-modulating drugs as analgesics and suggests
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that the switch from inhibition to excitation may be a hindrance.

Fear has a significant impact on one's subjective perception of pain and is
involved in the development of chronic pain. However, mechanistic
understanding and causal investigation of the underlying cellular substrates
are lacking. Formerly, we observed silencing the remote fear retrieval engram
specifically inhibited subsequent tonic pain without eliciting a generalized
impairment of associative learning or aversion. Here, to further address
whether directly activating prefrontal fear memory engrams after fear
conditioning can facilitate tonic pain perception, we employed activity-based
cell-tagging and optogenetic approaches to activates the neuronal assemblies
for remote fear recall. Furthermore, to investigate whether established chronic
inflammatory pain perception can be reduced by inhibition of these prefrontal
cellular substrates of fear memory, we performed similar approaches to
identify and inhibit the neuronal assemblies for remote fear recall in the
mouse prefrontal cortex under chronic inflammatory pain conditions. We
report that cell assemblies representing long-term fear retrieval and
inflammatory heat pain are largely distinct, but a smaller overlapping subset
also exists in the prefrontal cortex. Activation of the remote fear retrieval
engram specifically promoted subsequent tonic pain perception and
pain-related behavior. Under inflammatory pain conditions, suppression of
remote fear engram reduced inflammatory heat hypersensitivity, without
causing an associative avoidance or aversion deficiency. These findings
provide a further understanding about how long-term fear prospectively
shapes the experience of tonic pain and inflammatory pain. Moreover, our
data reveal the fundamental cellular mechanism in the prefrontal cortex
causally mediating this synergistic interaction, thereby laying a basis for

future interventional therapies in patients with chronic pain and fear.
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5 Zusammenfassung

Eines der Merkmale entziindlicher Schmerzen ist die mechanische Allodynie,
die in verschiedenen Formen auftritt, darunter die dynamische und
punktuelle mechanische Allodynie. Obwohl die spinalen Schaltkreise, die an
der mechanischen Allodynie beteiligt sind, im Hinblick auf die
postsynaptische Hemmung bereits weitgehend untersucht sind, ist der Beitrag
der prasynaptischen Hemmung zu diesen unterschiedlichen Formen noch
nicht eindeutig geklart. Hier haben wir eine IEG-basierte duale Methode
verwendet, um die Populationskorrelate und die Schaltkreise, die an diesen
beiden unterschiedlichen Arten mechanischer Allodynie im dorsalen Horn des
Riickenmarks beteiligt sind, gleichzeitig auf der Ebene einzelner Zellen
darzustellen. Um die Rolle der prasynaptischen Hemmung in diesen
Schaltkreisen zu untersuchen, haben wir Mause geziichtet, denen
GABAA-Rezeptoren in sensorischen Neuronen des DRG (Advillin-GABAAB37-)
oder in nozizeptiven Neuronen (SNS-GABAAP37/-) fehlen. Unter den
Bedingungen inflammatorischer Schmerzen, die durch eine Entziindung der
Pfote ausgel6st wurden, entwickelten SNS-GABAAPB37/- Maiuse keine
punktuelle mechanische Allodynie, wihrend die dynamische mechanische
Allodynie weiterhin auftrat. Nur die Neuronenpopulation, die durch
punktuelle mechanische Reize aktiviert wurde, war in SNS-GABAAP3”-
Mausen im Vergleich zu Kontrollmausen signifikant reduziert. Die
Aktivierung von spinalen Neuronen, die Calretinin und Parvalbumin
exprimieren, die durch punktuelle mechanische Reize aktiviert werden, war
bei SNS-GABAAB3”/- Mausen signifikant reduziert. Zusammen mit fritheren
Studien stiitzen diese Ergebnisse die Hypothese, dass prasynaptische
GABAerge Hemmung in Nozizeptoren unter entziindlichen
Schmerzbedingungen auf Erregung umschaltet und insbesondere punktuelle
mechanische Allodynie moduliert. Dariiber hinaus ist diese Studie eine der

ersten, die die Schaltkreise dieser beiden unterschiedlichen Formen der
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mechanischen Allodynie aufzeigt und die individuellen, aber dennoch
zusammenhiangenden Muster aufzeigt, die zwischen ihnen bestehen. Diese
Arbeit hat erhebliche Auswirkungen auf die derzeitige Betrachtung von
GABA-modulierenden Medikamenten als Analgetika und legt nahe, dass die

Umstellung von Hemmung auf Erregung ein Hindernis sein kann.

Angst hat einen erheblichen Einfluss auf das subjektive Schmerzempfinden
und ist an der Entstehung chronischer Schmerzen beteiligt. Es fehlt jedoch ein
mechanistisches Verstandnis und eine kausale Untersuchung der zugrunde
liegenden zellularen Substrate. In der Vergangenheit haben wir beobachtet,
dass das Inhibition eines Angstgediachtnis-Engramms spezifisch den
nachfolgenden tonischen Schmerz hemmt, ohne eine allgemeine
Beeintrachtigung des assoziativen Lernens oder der Aversion hervorzurufen.
Um herauszufinden, ob die direkte Aktivierung dieses Angstgedachtnisses die
tonische =~ Schmerzwahrnehmung  verstirken  kann, setzten  wir
aktivitatsbasierte Zellmarkierungen und optogenetische Ansitze ein, um die
neuronalen Korrelate fiir ein Angstgedachtnisses zu aktivieren. Um zu
untersuchen, ob die Wahrnehmung von chronisch entziindlichen Schmerzen
durch die Hemmung dieser prafrontalen zelluliren Substrate des
Angstgedachtnisses reduziert werden kann, haben wir dhnliche Ansatze zur
Identifizierung und Hemmung dieser Neurone im prifrontalen Kortex der
Maus auch unter chronisch entziindlichen Schmerzbedingungen durchgefiihrt.
Es zeigt sich, dass die Zellverbiande, die fiir den langfristigen Furchtabruf und
den entziindlichen Hitzeschmerz verantwortlich sind, weitgehend
voneinander getrennt sind, aber dariiber hinaus auch eine kleinere, sich
iiberschneidende Untergruppe im prafrontalen Kortex existiert. Die
Aktivierung des Engramms zum Abrufen von Angst forderte spezifisch die
anschlieBende tonische Schmerzwahrnehmung und das schmerzassoziierte
Verhalten. Unter entziindlichen Schmerzbedingungen verringerte die
Unterdriickung des Angst-Engramms die entziindliche
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Hitzeiliberempfindlichkeit, ohne dass es zu einem Mangel an assoziierter
Vermeidung oder Aversion kam. Diese FErgebnisse liefern weitere
Erkenntnisse dariiber, wie langfristige Angst das Erleben von tonischem
Schmerz und Entziindungsschmerz prospektiv pragt. Dariiber hinaus
enthiillen unsere Daten den grundlegenden zelluliren Mechanismus im
prafrontalen Kortex, der diese synergistische Interaktion kausal vermittelt,
und schaffen damit eine Grundlage fiir kiinftige interventionelle Therapien bei

Patienten mit chronischen Schmerzen und Angst.
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