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Abstract

Painful signals are transmitted by mutisynaptic glutamatergic pathways. Their first synapse
between primary nociceptors and excitatory spinal interneurons gates sensory load. Glutamate
release herein is orchestrated by Ca”* sensor proteins with neuronal calcium-binding protein 2
(NECAB?2) being particularly abundant. However, neither the importance of NECAB2" neuronal
contingents in dorsal root ganglia (DRG) and spinal cord nor function-determination by
NECAB2 has been defined. A combination of histochemistry and single-cell RNA-seq showed
NECAB2 in small/medium-sized C- and Ad D-hair low threshold mechanoreceptors in DRG, as
well as in protein kinase y-positive excitatory spinal interneurons. NECAB2 was downregulated
by peripheral nerve injury, offering the hypothesis that NECABZ2 loss-of-funtion could limit pain
sensation. Indeed, Necab2” mice reached a pain-free state significantly faster after peripheral
inflammation than wild-type littermates. Genetic access to transiently-activated neurons
revealed that a mediodorsal cohort of NECAB2" neurons mediates inflammatory pain in mouse
spinal dorsal horn. Here, besides dampening excitatory transmission in spinal interneurons,
NECAB2 limited pronociceptive brain-derived neurotrophic factor release from sensory
afferents. Hox8b-dependent reinstatement of NECAB2 expression in Necab2” mice then
demonstrated that spinal/DRG NECAB2 alone could control inflammation-induced sensory
hyperensitivity. Overall, we identify NECAB2 as a critical component of pro-nociceptive pain

signaling whose inactivation offers substantial pain relief.
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neurochemical heterogeneity, pro-inflammatory cytokine.



Introduction

Acute pain (nociception) is a physiologically-relevant sensation aimed at alerting to and thus
limiting tissue damage on environmental impact. In turn, chronic pain is the consequence of a
series of maladaptive responses following tissue or nerve damage (1, 2). Chronic pain is a
rising health problem afflicting around 20% of European adults (3) with treatment options still
largely limited to opioids and non-steroidal anti-inflammatory drugs (4-6), and led to an ‘opiate
epidemic’ given the addictive side-effects and escalated regime of opioid drugs (4, 7). This is
despite detailed insights in cellular determinants of both neuropathic and inflammatory pain
becoming available (8-20), and motivating drug development (21) ever since Melzack and

Wall’s introduction of the ‘gate control theory’ of pain (10).

ca® signaling regulates neurotranmistter release at every presynapse of the nervous system
(22) by priming the SNARE machinery to allow the exocytosis of neurotransmitter-laden
vesicles. Amongst SNARE proteins, synaptotagmin | binds ca® (with its C2 domains) and thus
is an essential Ca®*-sensor converting neuronal activity into fast vesicle release (23). N-terminal
EF-hand Ca®*-binding proteins 1-3 (NECAB1-3) are highly homologous members of a family of
Ca’* sensors that unconventionally contain only a single EF-hand domain for ca® binding.
NECAB1 interacts with synaptotagomin | at its C2A-domain that also binds syntaxin | at high
affinity, even if only trace amounts of Ca®" are present (24). NECAB1 and NECAB2 are
expressed in neurons (henceforth also termed ‘neuronal Ca’‘-binding proteins’) with
particularly notable expression in dorsal root ganglia (DRGs) and mainly excitatory interneurons
in the spinal cord (25). NECAB1 and NECAB2 expression patterns are conserved across
mammals (25, 26), highlighting the relevance of their study for human pathologies. Single-cell
RNA-sequencing (RNA-seq) assigned Necab2 as a marker of thinly myelinated neurons
otherwise co-expressing (") neurotrophin receptor tyrosine kinase 2 (Ntrk2)/neurofilament
heavy chain (Nefh) in mouse DRG (27, 28). Since Ntrk2" sensory neurons could contribute to
the development of neuropathic pain (besides mediating light touch sensation physiologically)
(16), an unanswered yet critical question is if NECAB2 in these sensory neurons is of functional
importance. This is particularly relevant for NECAB2 since, unlike NECAB1, it is regulated at
the DRG level by peripheral axotomy (25). However, it is unclear if the plasticity of NECAB2 in
response to peripheral nerve injury indicates molecular adaptation or affords causality by

reducing pro-nociceptive neurotransmission.

Here, we sought to address the role of NECAB2 in pain circuits at the DRG and spinal levels
by combining models for neuropathic and inflammatory pain, behavioral phenotyping, and
circuit reconstruction by histochemistry, biochemistry and genetic access to pain-activated
neurons in Necab2” and wild-type mice. Our analysis reveals that NECAB2 marks C- and Ad
D-hair low threshold mechanoreceptive sensory neurons (LTMR) and excitatory protein kinase
Cy" spinal interneurons. We also show that NECAB2 loss-of-function (Necab2”') in
glutamatergic (excitatory) pathways facilitates behavioral recovery, in a large bart by

decreasing the production and release of brain-derived neurotrophic factor (BDNF) and pro-



inflammatory cytokines upon inflammation. Conversely, genetic rescue of Necab2 at the spinal
level is sufficient to reinstate wild-type-like pain sensitivity, designating NECAB2 as a critical

molecular determinant of pro-nociceptive neurotransmission.

Results

NECAB2 localization in DRG and spinal cord

We sought precise information on the localization of NECAB2 in the DRG and spinal cord by
combining high-resolution histochemistry and single-cell RNA-seq. First, we have applied a
novel high-sensitivity antibody against NECAB2 (HPA014144) to show that 33 + 2% of DRG
neurons, mainly small- and medium-sized ones, express this Ca’* sensor protein (Figure 1A,B).
These neurons were essentially neither peptidergic (4 £ 1% co-localization with calcitonin gene-
related peptide [CGRP]) nor non-peptidergic (4 + 2%, iso-lectin B4" [IB4]) (Figure 1C,D).
Likewise, NECAB2 showed complementarity with calbindin D28k (barring a few exceptions,
Figure 1G) and secretagogin (Figure 1H), respective Ca**-binding and alternative Ca**-sensor
proteins expressed in DRG (29). Next, we asked if NECAB2" sensory neurons harbor the
capacity to produce fast neurotransmitters instead: indeed, these cells were often tyrosine
hydroxylase® (TH™; Figure 1E,L) or neurotrophin receptor tyrosine kinase B* (TrkB"; Figure
1F,L), which by combined single-cell RNA-seq (Figure 1L) and function determination (27)
qualifies them as C-low and Ad D-hair LTMRs, respectively. Moreover, single-cell RNA-seq
validated the likelihood of Th/Vglut2 (the latter encoding vesicular glutamate transporter 2) co-
existence (108 Th" cells also contained Vglut2 mRNA in a pool of 344 Vglut2-expressing
neurons), reinforcing an association of NECAB2 with excitatory neurotransmission. In fact,
small-sized NECAB2" neurons were VGLUT2", whereas we could not detect either VGLUT2-
or VGLUT1-like immunoreactivity (LI) in medium-sized ones (Figure 1I-K). Finally, we combined
in situ hybridization and immunohistochemistry in Necab2” and wild-type mice to localize
Necab2 mRNA in protein kinase Cy (PKCy)" excitatory interneurons in the spinal dorsal horn
(Figure 1M-O). Cumulatively, our findings significantly extend available data (25, 30) on the

association of NECAB2 to excitatory circuits at the DRG and spinal levels.

Peripheral injury down-regulates NECAB2 expression in sensory neurons

Upon transecting the sciatic nerve (axotomy), the number of NECAB2" DRG neurons of lumbar
4-6 regions (always used unless stated otherwise) decreased rapidly and persistenly (Figure
2A-C), being significantly different from the contralateral side by 72h post-injury (34 + 4%
[contralateral] vs. 13 + 1% [ipsilateral], p < 0.01; Figure 2D). Ipsilateral to the injury, NECAB2*
neurons frequently and transiently (at 24h but not 72h; Figure 2B,C) co-expressed activating
transcription factor 3 (ATF3), a nerve injury marker (31).

We then tested if spared nerve injury (SNI), a form of neuropathic pain induction that allows
functional analysis (32) affects NECAB2 expression. Indeed, Necab2 mRNA levels were

significantly reduced in DRGs, but not spinal cord, ipsilateral to SNI, as compared to the



contralateral side serving as negative control (1.02 + 0.22 [contralateral] vs. 0.67 + 0.16
[ipsilateral], p < 0.05 for DRG; Figure S1A). SNI also reduced NECAB2 protein levels as
detected histochemically and quantitatively expressed as a reduced number of NECAB2* DRG
neurons (34 + 1% [contralateral] vs. 17 £ 5% [ipsilateral, 72h; p < 0.01] or 27 + 1% [ipsilateral,
2 weeks; p < 0.05]; Figure 2E-H). NECAB2 expression remained unchanged in ipsilateral spinal
cord (Figure S1B,C) even though microglia activation (marked by elevated ionized Ca2+—binding
adaptor molecule 1 (Iba1)) was seen in both dorsal and ventral horns, ipsilaterally with focal
concentration around motorneurons (Figure S1D). Similar to axotomy, NECAB2" sensory
neurons transiently expressed ATF3 after SNI (0.2 + 0.3% at 72h, 2 + 4% after 2 weeks; Figure
2F,G). In sum, NECAB2 expression is significantly and persistently down-regulated in DRG

neurons in response to peripheral nerve injury.

Retention of NECABZ2 in sensory neurons upon inflammatory pain

Inflammatory pain induced by A carrageeenan injection into an extremity produces long-lasting
hyperalgesia and central sensitization, at least in part, involving C- and Ad D-hair LTMRs (33).
Despite this circuit postulate, A carrageeenan infusion in a hind-paw affected neither the
percentage/distribution nor ATF3 expression of NECAB2" sensory neurons (30 * 5%
[contralateral] vs. 27 + 3% [ipsilateral]; Figure 2I-L), even though Necab2 mRNA was notably
down-regulated in DRG (1.00 + 0.08 [contralateral] to 0.80 + 0.12 [ipsilateral], p = 0.032) 72h
post-induction (Figure S1E). Likewise, neither Necab2 mRNA nor protein levels were altered in
spinal cord after inflammation (Figure S1E,F). Thus, data from injury and inflammatory models
suggest that NECAB2 expression is differentially regulated. This finding raises the possibility
that NECAB2 might modulate slow-onset and persistent inflammatory pain whilst undergoing
adaptive down-regulation, alike Ca2+/calmodulin—dependent protein kinase type IV (34), upon
irreversible physical injury. This hypothesis also suggests differential responsiveness of

Necab2” mice to neuropathic vs. inflammatory pain.

NECAB1 does not compensate for NECAB2 in Necab2” mice

We then sought to address NECAB2 function in pain circuits by generating Necab2” mice with
the promoter-driven knockout first strategy (Figure 3A) (35). By using Necab2” tissues, we first
re-evaluated the specificity of the anti-NECAB2 antibodies available to us: HPA013998, used
in our previous study (25), showed residual immunoreactivity in DRGs but not spinal cord of
Necab2” mice (Figure 3B), raising the possibility of its unwanted cross-reactivity with NECAB1
(Figure 3C and Sl for discussion). This is plausible even if both the HPA013998 and HPA14144
antibodies labelled bands at the calculated molecular weight of NECAB2 in Western blotting
(Figure 3D). These observations highlight that an antibody may show correct staining in one
tissue but not another, and underlie the importance of testing antibody specificity for each

tissue/organ/system analyzed in knock-out mice (36, 37).



NECABs exist in three isoforms (NECAB1-3) with NECAB1 being the alternative transcript
chiefly expressed in the nervous system (23). Therefore, it is plausible that the loss of a NECAB
isoform is compensated by another, biasing functional phenotypes. Here, we show that even
though Necab2" mice have elevated Necab? mRNA in both DRG and spinal cord (Figure S2A),
this does not translate into increased levels of NECAB1 protein in either structure (Figure S2B-
G). We then considered that Necab2 ablation might modulate VGLUT1-3 expression for
glutamate neurotransmission. Vglut1 mRNA in DRG but not spinal cord (Figure S2H) was
significantly increased in Necab2” mice. Consequently, we detected significantly increased
protein levels of VGLUT1, which is transported centrally from DRG neurons (38), in Necab2”
spinal cord (Figure S2I). Vglut2 mRNAs were also elevated in both DRG and spinal samples of
Necab2™ mice (Figure S2H), yet this did not translate into an appreciable increase of the
ensuing VGLUT2 protein (Figure S2J). Vglut3 mRNA levels remained unchanged on Necab2
: background (Figure S2H). Similarly, PKCy and glutamic acid decarboxylase 65/67
(GADG65/67) protein concentrations remained unchanged in Necab2” mice, as compared to
wild-type littermates (Figure S2K,L). These data justify the analysis of excitatory (pro-
nociceptive) pain circuits in Necab2™ mice given that functional recovery could be viewed as

counteracting enhanced glutamatergic neurotransmission.

Necab2” and chn"" mice are sensitive to neuropathic pain

Acute pain sensation (noxious, mechanical stimulus by pinprik) was intact in Necab2™ mice
without gender difference (Figure 4A). After SNI, Necab2” mice also developed tactile allodynia
(measured by von Frey filament), mechanical hypersensitivity (pinprik) and cold allodynia
(acetone) to an extent equivalent to wild-type littermates (Figure 4B-D). Gender differences
could not be detected in the SNI model either. We then analyzed secretagogin null (chn"')
mice to test if an alternative Ca**-sensor protein (39) also expressed in DRG (29) would
differentially modulate nociception upon neuropathic pain. Similar to Necab2™ mice, chn'/'
animals developed tactile and cold allodynia, as well as mechanical hypersensitivity in the SNI
model (Figure 4J-L). Thus, neither Ca**-sensor protein gates nociceptive information transfer

from DRG to ascending centers.

Improved behavioral recovery of Necab2™ but not chn"' mice after inflammatory pain

Once inducing inflammation by A carrageenan, the severity and time course of the development
of edema did not differ between Necab2” and wild-type mice (Figure 4E), with it being
pronounced by 6h, peaking between 24-72h and partially reciding by day 7 (p < 0.05 ipsilateral
vs. contralateral paw for each time point during 24h-7 days). Tactile allodynia elcitied by acute
inflammatory pain was similarly augmented between Necab2” and wild-type mice up to 6h
(Figure 4F). Yet inflammatory pain in Necab2" mice was significantly attenuated by 24h (Figure
4G, p = 0.014, ipsilateral paw, Necab2™ vs. wild-type mice) and reached basal threshold by
72h (Figure 4H,l). Considering that the extent of edema did not differ between the genotypes

studied, we infer that reduced pro-nociceptive/excitatory signaling at the DRG and spinal levels



might facilitate behavioral recovery during the phase of pain consolidation in Necab2” mice.
Subsequently, we asked if this phenotype was specific to NECAB2 or could as well be a
prototypic response on limiting Ca**-sensor functionality. As such, tactile allodynia after A
carrageenan-induced inflammatory pain in chn"' mice was of the same magnitude as in wild-
type controls (Figure 4M). Thus, and contrasting NECAB2, secretagogin does not appear to
molecularly gate pro-nociceptive excitation associated with inflammatory pain. Moreover, our
findings delineate superficial dorsal laminae in which DRG afferents terminate and innervate

(also) NECAB2" excitatory interneurons as a focus of NECAB2-dependent signaling events.

Convergence of inflammatory signals in spinal cord

We gained insights in the extent of the neuronal circuitry that underpins inflammatory pain
signaling by using a genetic reporter approach exploiting ‘permanent genetic access to
transiently active neurons’, also termed ‘targeted recombination in active (cell) populations’
(TRAP) (40), driven by the immediate-early gene Arc. We focused on recombination events at
the spinal level since Arc (alike Fos, the alternative and experimentally amenable immediate
early gene) seems to be expressed in DRG (41). Peripheral inflammation-induced activation of
primary sensory afferents coincident with tamoxifen priming (within a window of 6-12h after A
carrageenan injection) in Arc—CreERTZ::ROSA26—stop-ZsGreen reporter mice (Figure 5A-F;
Figure S3A,B) allowed us to show that NECAB2" neurons in laminae /Il of the dorsal spinal
horn might have received sufficiently strong synaptic inputs for becoming ZsGreen" (Figure
5G,H). Inflammatory pain-induced activation of NECAB2" spinal neurons was reinforced by the
histochemical co-localization of NECAB2 and Fos (Figure 5I-L). Alike Arc-driven ZsGreen
expression (Figure 5D), Fos immunoreactivity was mainly seen in medial superficial layers of
the spinal cord (Figure 5J,L), with it being significantly more abundant in Necab2” than wild-
type mice (Figure 5M; Figure S3C,D). Our histochemical data were validated by a gradual
increase in spinal Fos mMRNA content in Necab2™ mice, reaching significance by 90 min post-
intervention (Figure S3E). These data cumulatively suggest that NECAB2" spinal interneurons
are cellular determinants of inflammatory pain, and their enhanced activation in Necab2"™ mice
reflects increased intrinsic network activity to compensate for their functional incompetence
when NECAB2 is genetically ablated. Because of the unchanged NECAB2 levels in DRGs upon
A carrageenan administration (Figure 2), we suggest that, in turn, NECAB?2 is not rate-limiting
for pro-nociceptive excitatory neurotransmission in primary DRG projections to superficial

spinal laminae.

Reduced pro-inflammatory cytokine and BDNF responses in Necab2'™ mice

Despite the induction of inflammatory pain (for up to 6h) and paw edema being indistinguishable
between Necab2” and wild-type mice (Figure 4E), their differential network activation at the
spinal level suggests probable differences in the levels of pronociceptive mediators that are
produced and/or released in an activity-dependent manner. Here, we first assayed Tnfa, /I6
and /I1b mRNAs (Figure 6A), and show that their transcriptional activation was significantly



reduced in Necab2” mice relative to wild-type controls. These data concur with glial activation
in neuropathic and inflammatory pain models (42-44) (Figure S1D). Next, we histochemically
tested if the expression of BDNF, a neuronal pro-nociceptive sensitizing factor acting through
TrkB signaling (45), is altered by 72h upon inflammatory pain induction when mechanical
allodynia is significantly improved in Necab2”™ mice (Figure 4F). As such, peripheral
inflammation significantly increased the number of BDNF" neurons in wild-type DRGs (30 % 6%
[contralateral] vs. 45 + 5% [ipsilateral], p < 0.05; Figure 6B,C) along with a robust increase in
Bdnf mRNA transcript levels (Figure 6D). In contrast, an inflammation-induced increase in
BDNF" neurons failed to materialize in Necab2”™ mice (31 + 6% [contralateral] vs. 37 + 4%
[ipsilateral]; Figure 6B,C) even though Bdnf transcription increased (Figure 6D). Notably, these
differences were also evident at the spinal level with Necab2” mice showing significantly
attenuated BDNF immunoreactivity in the ipsilateral dorsal horn, as compared to wild-type mice
(Figure 6E,F); even if a hemispheric difference was evident in both genotypes. Taken together,
these data suggest that Necab2 deletion in DRGs attenuates BDNF production and release
into the dorsal spinal horn to limit pro-nociceptive excitatory signaling in Necab2™ mice, and

could, at least inpart, accelerate functional recovery.

Genetic rescue of NECAB2 expression in spinal cord and DRG reinstates pain sensitivity
NECAB?2 is also expressed in hind-, mid- and forebrain regions, including nuclei that tune
sensory relay (8, 24). Therefore, we asked if NECAB2 at the spinal level is sufficient to gate
pro-nociceptive signaling. To this end, we exploited the tissue-restricted expression of Hoxb8
(46), a member of the Antp homeobox gene family: Hoxb8 is expressed in spinal cord neurons
and glia, as well as in all DRG neurons, whilst sparing the brain apart from the spinal trigeminal
nucleus. By crossing the Necab2(tm1a) allele (Figure 3A) with Hoxb8-Flp mice we have
successfully reinstated Necab2 expression below cervical spinal segment 4 and in DRGs
(Figure 7A-F). Whole-tissue imaging by light-sheet microscopy after iDISCO+ processing in
combination with histochemistry (47) revealed wild-type-like expression and correct localization
for NECAB2 in dorsal spinal horn (Figure 7D,F) of Hoxb8-FIp::Necab2(tm1a) mice. Genetic
rescue of Necab2 expression also reinstated wild-type-like pain sensitivity: Hoxb8-
Flp::Necab2(tm1a) mice developed tactile allodynia with partial recovery only 7 days after A
carrageenan stimulation (Figure 7G,H), matching the profile of wild-type littermates. Thus,

NECAB2 at the spinal level is sufficient to consolidate persistent inflammatory pain.

Discussion

The present study takes advantage of the combination of high-resolution histochemistry and
single-cell RNA-seq (27) to molecularly tie NECAB2 expression in DRG to C-LTMRs and Ad
D-hair LTMRs. NECAB2 levels decrease in sensory neurons upon peripheral nerve injury,
whether axotomy or SNI. The use of SNI is notable because it allows the determination of
functional recovery at high temporal resolution (32); and led us to distinguish roles for NECAB2

when combining nerve injury with genetic loss-, as well as gain-of-function analyses.



Accordingly, NECAB?2 is dispensable for the transmission of mechanical but not inflammatory
pain. By showing that NECAB2 invariably co-exists with VGLUT2 (48) in glutamatergic
synapses in primary afferents, excitatory (PKCy") interneurons and ascending projections (25),
its loss is likely to attenuate excitatory neurotransmission. This is significant since modulating
excitation/inhibition balance in spinal circuits can alleviate neuropathic pain (49, 50). The
involvement of laminae I/l interneurons of the dorsal spinal horn in transmitting inflammation-
related nerve activity is reinforced by our immediate early-gene (Arc)-driven genetic labeling
(‘TRAP’) (40). TRAP marks cells, many being NECAB2", whose activity significantly increased
within a 6-12h time window upon A carrageenan challenge. When inflicting peripheral
inflammation in Necab2” mice, significant facilitation of post-traumatic recovery was
demonstrated, reaching basal pain thresholds (that is, a pain-free state) remarkably faster than
wild-type mice. This finding suggests a pro-nociceptive ‘gatekeeper’ role for NECAB2 with its
action confined to at least three levels: j) intraganglionic signaling between sensory neurons, ii)
BDNF (and/or cytokine release even though we do not exclude contribution by glia residing in
spinal cord) from nerve endings of primary afferents in the superficial dorsal horn (that is, at the

first synapse in the sensory/pain circuit) and iii) dorsal horn interneurons.

Peripheral nerve injury is a stimulus sufficiently strong to trigger expressional changes in
hundreds of genes in neurons and glia, which assemble into mutimodal pain pathways along
the DRG and spinal cord. The combinatorial outcome of genetic modifications in these pain
pathways will underpin pain sensation (e.g., stratify severity), as well as determine innate
capacity for adaptation and regeneration in response to mechanical insults (51-54). We posit
that rapid down-regulation of NECAB2 could severe excitation, thus preventing transition
towards the development of chronic pain. This hypothesis emphasizes a critical role for
excitatory spinal interneurons, and is molecularly appealing since NECAB?2 is enriched in their
VGLUT2" nerve termials (25), a consensus requirement for all Ca’'-sensors regulating the
assembly of SNARE complexes for vesicular exocytosis in the presynapse. Besides regulating
vesicular docking events, NECAB2'’s presynaptic signal integration might involve an interaction
with metabotropic glutamate receptor type 5 (mGIuR5) (55), which is present in afferents to the
dorsal horn (56), where presynaptic mGluR5s enhance glutamate release (57). Thus, Necab2
" mice could have attenuated glutamate release and, consequently, reduced circuit excitation
in spinal dorsal horn. Accordingly, genetic or pharmacological dampening of presynaptic
NECAB2 availability and/or ca® sensitivity in glutamatergic presynapses could protect against

excessive pain.

Amongst the many genes up-regulated by synaptic enhancement in laminae I/ll are Arc and
Fos, rapidly and transiently expressed immediate early genes. However, neither gene is
activated in the DRG (41, 58-60), validating the lack of ZsGreen label in TRAP mice upon pain
induction (data not shown). Considering that Arc and Fos are reliable markers of spinal neurons
(61, 62), our experiments outline a dorsomedial domain in laminae I/ll of the dorsal horn, which
contains the bulk of neurons synaptically activated upon inflammatory pain (Figure 5D,L). Our

genetic approach utilizes Arc actvation to mark cellular contingents that respond to



inflammatory pain in a binary “yes/no” fashion. Nonetheless, genetic TRAP in this case is
insufficient to either correlate Arc/Fos levels and pain-like behaviors or infer the importance of
Fos as immediate early gene for pain sensation (58, 63, 64). In sum, our histochemical and
genetic circuit-mapping data cumulatively highlight spinal interneurons whose activation is
significantly exacerbated upon Necab?2 deletion. If these are interneurons that reduce circuit
excitability then their activation could attenuate inflammatory pain sensation. Despite the clear
dichotomy of Necab2 involvement in neuropathic vs. inflammatory pain, we cannot entirely
negate that up-regulation of Vglut2 in DRG and spinal cord at the mRNA level upon mechanical

stimuli could compensate for and thus, phenotypically mask NECAB2 loss-of-function.

Pro-inflammatory cytokines, like TNFa, IL-6 and IL-1p, induce inflammatory pain upon being
released from immune cells through local sensitization of nociceptors (43, 65-68). Similarly,
such cytokines cause pain when released by glial cells in the spinal cord following peripheral
inflammation (44, 69-72). In Necab2” mice, the inflammation-induced spinal expression of
Tnfa, /16 and lI17b mRNAs was lower than in wild-type mice. Even though we did not address if
and how Necab?2 deletion limits microglia activation (and thus neuroinflammation), translating
cytokine mRNA levels into reduced tissue TNFa, IL6 or IL1B content outlines a candidate
mechanism to attenuate inflammatory pain. Likewise, A carrageenan application increased the
expression of BDNF, an accepted marker of peripheral inflammation . BDNF is an essential
growth factor during nervous system development (73) and modulates synaptic
neurotransmission in adult (74). BDNF is expressed by peptidergic nociceptors, stored in large
dense-core vesicles (often together with neuropeptides), and released from both A- and C-
fibers in spinal superficial layers (75, 76). BDNF binding to TrkB receptors then triggers central
sensitization, including postsynaptic NMDA receptor activation and downstream Fos mRNA
expression (77-79). Therefore, inhibiting BDNF signaling at the spinal level can reduce
progressive (but not acute) inflammatory pain and heat hypersensitivity (45, 80, 81). Our data
prompt the suggestion that both BDNF and NECAB2 are presynaptic determinants of
glutamatergic hyperactivity upon persistent pain with BDNF modulating postsynaptic receptor
accessibility and/or hypersensitivity (e.g. NMDA receptors), whereas NECAB2 scaling
glutamate and BDNF release from excitatory nerve terminals. Here, we show that Necab2”
mice fail to respond to inflammatory stimuli by increasing BDNF in primary afferents in laminae
I/ll, an observation that defines a DRG-locked mechanism for NECAB2. Consequently,
attenuated BDNF (and probably cytokine) singaling in spinal superficial layers of Necab2" mice
can curtail circuit hypersensitivity and thus, promote recovery after inflammation. Even though
BDNF is primarily associated with excitatory neurotransmission, data exist on glia-derived
BDNF production and focal release upon injury (82-85). Therefore, and despite that Iba1”
microglia were BDNF" in our wild-type specimens, we cannot entirely rule out an effect, however
indirect, of Necab2 deletion on attenuated BDNF production in microglia upon peripheral
inflammation. In sum, inhibition of coincidently occluding NECAB2-mediated vesicular
glutamate and BDNF exocytosis in excitatory spinal interneurons, BDNF/TrkB*/VGLUT2" DRG

neurons (77, 86), and perhaps resident microglia, could prove particularly efficient to limit pain
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signaling brought about by peripheral inflammation. Our assertion is compatible with recent
patent literature with NECAB2 named as a biomarker and prospective druggable target for

rheumatoid arthritis and multiple sclerosis.

There are efficient endogenous mechansims to defend against persistent pain, particularly with
inflammatory origins. In addition to descending systems (87), local dorsal horn neurons
expressing opioid peptides that suppress pain signaling via their cognate receptor systems (88,
89). Opioid receptors are therefore preferred targets for many analgesic drugs, the most
efficient being morphine. Neuropathic pain, which results from a more instantaneous insult, is
controlled by modulating DRG sensory neurons through, e.g. the 29 amino acid-long peptide
galanin (90). The present report reconciles the above difference of action by identifying
pronociceptive NECAB2 as a molecular determinant of inflammatory pain at the DRG and
spinal interneuron levels, with its downregulation being causal to preventing persistent pain and
to facilitating functional recovery. The presynaptic site of action for NECAB2 is of benefit to also
dampen BDNF release directly and iinflammatory cytokine production indirectly in the spinal
cord, thus producing a palette of coordinated actions to reduce the coincident and activity-
dependent release of fast neurotransmitters and pro-inflammatory neuromodulators from DRG
afferents and excitatory spinal interneurons. These findings seem significant to meet the
unment need of therapies beyond opiates in today’s epidemic particularly since chronic
inflammatory pain affects 1.7-5% of the general population (vs. 8% suffering from chronic
neuropathic pain) (9, 91-93).
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Materials and Methods

Animals. Wild-type (WT) male C57BL/6 mice (adult, ~15 weeks of age) were obtained from
Charles River (Scanbur AB). Necab2 and Scgn knock-out first, promoter driven mice were
custom-generated by the Knockout Mouse Project (KOMP) Repository at UCDAVIS. Hoxb8-
Flp, Vglut2::EGFP and Arc-Cre®""%:ROSA26-stop-ZsGreen1 mice were from licenced
resources. Animals were kept under standard conditions, including a 12/12-h light-dark cycle
with ad libitum access to food and water. Efforts were made to minimize the number of mice

used and their suffering throughout.

Surgery. Complete transection of the sciatic nerve (axotomy) at mid-thigh level of the hind-leg
was performed as described earlier (94). Spared nerve injury (SNI) was carried out according
to published protocols (32, 95). For the carrageenan model, mice received an intra-plantar
injection of 1% A carrageenan (in 20 yl volume, Sigma) in the hind paw (28G needle) (96) (SI

Materials and Methods).

Tamoxifen-induced TRAP. Tamoxifen was dissolved in corn oil (Sigma) and injected
subcutaneously (150-200 mg/kg, Sigma) in ArcTRAP mice 12 h before 1% A carrageenan
infusion (40, 97). ArcTRAP mice (vehicle and carrageenan) were perfused after either 6h or
72h of the onset of inflammation, with the latter being particularly suited to allow increased
cellular ZsGreen1 content in activated cell populations. Mice with 72h survival received

subsequent tamoxifen doses daily.

Behavioral assessment. Withdrawal threshold was tested in transparent plastic domes on a
metal mesh floor and measured by a logarithmically incremental stiffness of 0.04, 0.07, 0.16,
0.40, 0.60, 1.0, and 2.0 (g) von Frey filament (Stoelting) combined with an up-down method to
assess tactile allodynia (32, 98, 99). For mechanical hyperalgesia, a safety pin was used and
the duration of paw withdrawal was recorded (32). Cold allodynia was tested with a drop of

acetone with the duration of the withdrawal response recorded (32).

Quantitative real time-PCR (qPCR). Total RNA was isolated and extracted by using TRI
Reagent (Sigma-Aldrich). gPCR reactions were performed using Maxima SYBR Green Master
Mix with ROX (Thermo Scientific) on an Applied Biosystems QuantStudio5 unit. Primer pairs
were listed in Table S1 (S| Materials and Methods).

Western blotting. Total protein samples were extracted from freshly dissected DRGs and spinal
cord of WT and Necab2 knockout mice using radioimmunoprecipitation assay lysis buffer and
subjected to Western blotting as described (25) (S Materials and Methods).

Tissues and immunohistochemistry. For immunohistochemstry, mice were deeply anesthetized
and transcardially perfused with 4% paraformaldehyde (29) (SI Materials and Methods).

Primary antibodies used in this study are referred to in Table S2 (S/ Materials and Methods).
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In situ hybridization and immunohistochemistry. Spinal cord cryosections (20 um, as above)
were processed, and hybridized as previously described with minor modifications (100).
Digoxigenin (DIG)-labelled Necab2 RNA probe was used (26). Subsequently, alkaline-
phosphatase-conjugated anti-digoxigenin antibody (goat antibody, 1: 2,000, Roche) was
applied and developed with Fast Red (Roche). Post-hybridization immunostaining for PKCy
(rabbit antibody, 1:100) was visualized with Alexa Fluro488-conjugated affinity-purified donkey
anti-rabbit IgG (1:100; Jackson ImmunoResearch) at 22-24 °C for 2 h. After rinsing, sections
were coverslipped with 1,4-Diazabicyclo[2.2.2]octane (DABCO, Sigma).

Microscopy and image processing. Representative images were acquired on a Zeiss LSM700
confocal laser-scanning microscope (Carl Zeiss) at 1 airy unit pinhole settings and processed
in ZEN2012 (Zeiss). Multi-panel figures were assembled with Adobe Photoshop CS6 (Adobe
Systems) (S/ Materials and Methods).

Quantitative morphometry. Quantification of NPs in DRGs, fluorescence intensity in DRGs and
spinal cord, and size distribution analysis were performed on tile-scanned images captured on

a Zeiss LSM700 laser-scanning microscope (30) (S/ Materials and Methods).

iDISCO" and volume imaging. iDISCO" tissue clearing, immunostaining and volume imaging

processes were performed as described (47) (SI Materials and Methods).

Single-cell RNA-seq. Expression data on DRG neurons were re-processed using the dataset
published by Usoskin et al (27). Accession number: GSE59739.

Statistics. Behavioral data (e.g., von Frey filament test) lacking normal distribution were
presented as medians % interquartile ranges and assessed by the Mann-Whitney U test. For
pinprick and acetone stimuli, data were expressed as means = S.D. and evaluated by using
unpaired two-tailed Student’s t-test (Prism 6 software; GraphPad). Data for gPCR, Western
blotting and immunohistochemistry were presented as means + S.D. and also processed by
two-tailed Student’s t-test (nerve injury and inflammation models in WT mice) or two-way
ANOVA with Bonferroni’s or Tukey’s multiple comparisons post-hoc analysis where relevant

(e.g. genotype on inflammation). A p value of < 0.05 was considered statistically significant.

Study approval. Experiments on laboratory rodents were compliant to Swedish regulations and
approved by the regional ethical committee (Stockholms Norra Djurféroksetiska Namnd,
N16/15 and N101/14).
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Figures & Legends
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Figure 1. NECAB2 expression in DRG and spinal cord. A,B. NECAB2 immunoreactivity in
DRGs from wild-type and Necab2” mice with no residual immunosignal on null background
(B). C,D. Coincident detection of NECAB2 and CGRP, a peptidergic marker (C), or IB4, a non-
peptidergic mark for nociceptors (D). E,F. NECAB2 co-exists with TH in C-LTMR (E) or TrkB in
Ad D-hair LTMRs (F). G,H. NECAB2 also co-localizes with calbindin D28k (G) but not
secretagogin in DRGs (H). I. Small-diameter VGLUT2::EGFP but not VGLUT1" neurons harbor
NECAB2 in DRGs. J-K. Neurochemical heterogeneity of NECAB2" neurons in DRGs. L.
Molecular phenotyping of Necab2-expressing DRG neurons by re-processing open-source
single-cell RNA-seq data (26). M,N. NECAB2 immunoreactivity in spinal dorsal horn of wild-
type mice (L) and its complete loss upon genetic ablation (Necab2'/'; M). 4,6-diamidino-2-
phenylindole (DAPI) was used as nuclear counterstain. O. Co-localization of PKCy and Necab2
mRNA in excitatory interneurons in spinal dorsal horn. Open dashed rectangle denotes the
position of the inset. J,K are projection images from 11-um thick tissue samples orthogonally
scanned with optical steps of 1 um. Tissues from n = 2 mice were processed for histochemical
analysis. Solid and open arrowheads point to co-localization and the lack thereof, respectively.
Scale bars = 100 ym (A-1,M,N,O), 20 um (J,K,O inset).
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Figure 2. NECAB2 expression in DRG and spinal cord after peripheral nerve injury and
inflammation. A-D. Double-labeling of NECAB2 and ATF3 in DRG 24h (B) and 3 days (3d, C)
after axotomy of the sciatic nerve (‘Axo’; n = 10 mice/time point), and quantification of neuronal
profiles (NPs) for NECAB2 3d post-axotomy (p < 0.01). E-H. Simultaneous detection and
subsequent quantification (H) of NECAB2 and ATF3 in DRG 3d and 2 weeks after spared nerve
injury (SNI; n = 10 mice/group) revealed a significant loss of neuronal immunoreactivity for
NECAB2 (p < 0.05, one-way ANOVA) ipsilateral (‘Ipsi’) to the injury relative to the contralateral
side (‘contra’). I-K. Double-labeling for NECAB2 and ATF3 in DRG 3d after inflammation (1%
A carrageenan) and subsequent quantification of neuronal profiles (NPs) for NECAB2 (n = 15
mice/group, Student’s f-test). L. Scatter plot of soma size (umz, x-axis) vs. relative fluorescence
intensity (arbitrary units, y-axis) for NECAB2" DRG neurons 3d after inflammation. The number
of NPs was expressed as a percentage of the total neuronal number (propidium iodide, PI*) in
DRGs throughout. Data were expressed as means + S.D. Scale bars = 100 um (A-C, E-G, |
and J).
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A Necab2 Promoter-Driven Cassette C Similarities of human NECAB2 PrESTs to mouse NECABs
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Figure 3. Generation of Necab2” mice and antibody validation. A. Construct for knockout-
first, promoter-driven Necab2” [Necab2 (tm1a)] mice. Primers (blue lines indicate locations)
used for genotyping are shown together with PCR products from wild-type (lanes 2 and 3),
heterozygous (lane 1) and Necab2” offspring (lanes 4 and 5). B. Staining pattern of previously
used anti-NECAB2 antibody (HPA013998) in DRGs (green) and spinal cord (red) of wild-type
(WT) and Necab2” mice. C. Comparison of human NECAB2 protein epitope signature tags
(PrESTs) with mouse NECAB1 and NECAB2. D. Western blotting of NECAB2 with spinal cord
lysates from WT and Necab2” mice using HPA013998 and HPA014144 anti-NECAB2
antibodies. Note that antibody HPA014144 has an unspecific band (asterisk) between two
specific bands. Representative data from n = 2 wild-type and n =4 Necab2” mice are shown.
Another non-specific band occurs above 100 kDa, also indicated with asterisk. Scale bar = 100
pum (B).
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Figure 4. Genetic deletion of NECAB2 gates inflammatory but not neuropathic pain. A.
Basal nociceptive sensation (upon noxious mechanical stimulus, pinprik) of Necab2” mice is
intact (relative to wild-type (WT) mice) in a gender independent manner (n = 5 — 9/group). B-D.
After SNI, Necab2” mice develop tactile allodynia (von Frey filaments, innocuous stimulus),
mechanical hypersensitivity (noxious mechanical stimulus) and cold allodynia (acetone
stimulus) equivalent to their WT counterparts (n = 12 for WT and n = 14 for Necab2” mice of
both sexes). E. Time course of edema to the hind-paw, the typical symptom of inflammation,
for WT and Necab2”™ mice (n > 8/time point/group) after intraplantar injection of A carrageenan
(1%, 20 pl). F. Time-course of tactile allodynia after A carrageenan application differs between
Necab2” and WT mice: G-l. Differential responses in the von Frey filament test after
inflammation. Note the rapid behavioral recovery upon Necab2 deletion. J-L. After SNI,
secretagogin null (chn'/') mice (all male) develop tactile allodynia, mechanical hypersensitivity
and cold allodynia that are indistinguishable from WT littermates (n = 10/group). M. Likewise,
chn"' and wild-type mice develop tactile allodynia similarly upon A carrageenan-induced
inflammation (n = 6/group). Error bars in black and red correspond to WT and chn"" mice,
respectively. BL: basal level. Behavioral data lacking normal distribution were presented as
medians * interquartile ranges and statistically assessed by the Mann-Whitney test (e.g. von
Frey filament test). Results of other behavioral assays (e.g., pinprick and acetone stimuli) were
expressed as means + S.D. and statistically evaluated using Student’s f-test. *p < 0.05, **p <
0.01.
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Figure 5. Genetic dissection of spinal neuron activity upon inflammatory pain. A-F.
Distribution of ZsGreen® cells in spinal superficial layers from Arc-CreERT2::Rosa26-stop-
ZsGreen ‘TRAP’ mice upon saline or A carrageenan infusion. Tamoxifen was administered for
3 consecutive days after stimulation. Propidium iodide was used as nuclear counterstain.
Arrowheads in A,D pinpoint the location of ZsGreen® neurons in medial spinal superficial layers.
G,H. High-resolution analysis of ZsGreen showed that these cells are NECAB2" (arrowheads)
in laminae | and Il. Propidium iodide was used as nuclear counterstain. Projection images
rendered from 9 and 12 um orthogonal stacks in G and H, respectively, are shown. Insets are
single-plane images selected from each deck. I-L. Fos™ cells in spinal dorsal horn 2h after A
carrageenan stimulation of wild-type (WT) and Necab2™ (KO) mice. Dashed lines label the
border between the outer (ll,) and inner (l1;) layers of lamina Il. Arrowheads indicate the medial
superficial dorsal horn and lamine IlI/IV. Inset confirms co-localization of Fos and NECAB2. M.
Quantification of Fos™ neurons per section in medial laminae I/ll, and laminae II-V at the level
of lumbar segments 4 and 5; n = 3 animals/group/genotype. Two-way ANOVA with Tukey’s
post-hoc test was performed with *p < 0.05, **p < 0.01. Data were expressed as means = S.D.
Scale bars = 200 um (A,B), 100 um (I-L), 20 um (B,C,E,F) and 10 um (G,H).
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Figure 6. Reduced pro-inflammatory cytokine and BDNF signaling in Necab2” mice. A.
Inflammation-induced increases in Tnfa, 116 and //17b mRNA expression in the spinal cord is
diminished by the genetic ablation of Necab2 (KO; n = 15 animals/genotype). Two-way ANOVA
revealed a significant inflammation x genotype interaction [F224) = 5.491, p = 0.0109] for //6
after 6h of inflammation. B. BDNF-like immunoreactivity in DRGs from wild-type (WT) and
Necab2™ (KO) mice after 3 days of inflammation. C. Quantification of BDNF* NPs in DRGs (n
= 5 animals/genotype). Two-way ANOVA revealed significant inflammation x genotype
interaction (F228) = 6.460, p = 0.0169 (*) with group-wise comparisons returning a significant
reaction for WTs (**p < 0.01, contralateral vs. ipsilateral). D. Bdnf mRNA in DRGs. Note the
similar response in Necab2™ mice. E,F. BDNF-like immunoreactivity in spinal cord after 3 days
of inflammation (E) and its quantitative analysis (F). Arrowheads indicate the medial spinal
superficial layers ipsilaterally. F. Two-way ANOVA revealed a significant inflammation x
genotype interaction [F1 28 = 4.694, p = 0.0389]; n = 9 for wild-type and n = 8 for Necab2™
mice. *p < 0.05, **p < 0.01. Data were expressed as means = S.D. Abbreviations: contra-,

contralateral; ipsi-, ipsilateral; n.s., non-significant. Scale bars = 200 um (E), 50 um (B).
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Figure 7. Genetic rescue of Necab2 at the spinal level reinstates tactile allodynia after
inflammation. A-D. Graphical rendering of three-dimensionally reconstructed intact tissues
after NECAB2 immunohistochemistry using iDISCO" and subsequent light-sheet microscopy.
Pons-cervical spinal cord (S.C.) and lumbar S.C. are shown from both wild-type (WT; A,B) and
Hoxb8-Flp::Necab2(tm1a) mice (C,D). Note that Hoxb8 expression is restricted to spinal cord
and DRG. E,F. NECAB2 histochemistry in transverse sections of cervical (E) and lumbar (F)
spinal cord from Hoxb8-Flp::Necab2(tm1a) mice. Individual planar sections are shown at
anatomical coordinates corresponding to panels C and D, respectively. Sections were counter-
stained with DAPI. G,H. Hoxb8-Fip::Necab2(tm1a) mice (n = 5) develop tactile allodynia after
peripheral inflammation (von Frey filament test) to an extent similar to that seen in WT mice (n
= 6), even if NECAB2 is not expressed supraspinally. Data were expressed as medians +
interquartile ranges and statistically evaluated by the Mann-Whitney U test. *p < 0.05, **p <
0.01. Abbreviations: BL, baseline; d, day; ns, non-significant. Scale bar = 250 ym in (E).
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