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Neurobiology of Disease

Differential Activation of Pain Circuitry Neuron Populations
in a Mouse Model of Spinal Cord Injury-Induced
Neuropathic Pain
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Department of Neuroscience, Vickie and Jack Farber Institute for Neuroscience, Sidney Kimmel Medical College at Thomas Jefferson University,
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Neuropathic pain (NP) is one of the most common and debilitating comorbidities of spinal cord injury (SCI). Current thera-
pies are often ineffective due in part to an incomplete understanding of underlying pathogenic mechanisms. In particular, it
remains unclear how SCI leads to dysfunction in the excitability of nociceptive circuitry. The immediate early gene c-Fos has
long been used in pain processing locations as a marker of neuronal activation. We employed a mouse reporter line with fos-
promoter driven Cre-recombinase to define neuronal activity changes in relevant pain circuitry locations following cervical
spinal cord level (C)5/6 contusion (using both females and males), a SCI model that results in multiple forms of persistent
NP-related behavior. SCI significantly increased activation of cervical dorsal horn (DH) projection neurons, as well as induced
a selective reduction in the activation of a specific DH projection neuron subpopulation that innervates the periaqueductal
gray (PAG), an important brain region involved in descending inhibitory modulation of DH pain transmission. SCI also
increased the activation of both protein kinase C (PKC)y and calretinin excitatory DH interneuron populations. Interestingly,
SCI promoted a significant decrease in the activation selectively of neuronal nitric oxide synthase (nNOS)-expressing inhibi-
tory interneurons of cervical DH. In addition, SCI altered activation of various supraspinal neuron populations associated
with pain processing, including a large increase in thalamus and a significant decrease in PAG. These findings reveal a com-
plex and diverse set of SCI-induced neuron activity changes across the pain circuitry neuraxis. Moving forward, these results
can be used to inform therapeutic targeting of defined neuronal populations in NP.

Key words: dorsal horn; fos; interneuron; neuropathic pain; spinal cord injury; TRAP

(s )

Neuropathic pain (NP) is one of the most common and highly debilitating comorbidities of spinal cord injury (SCI).
Unfortunately, current therapies are often ineffective due in part to an incomplete understanding of underlying pathogenic
mechanisms. In particular, it remains unclear how SCI leads to dysfunction in excitability of nociceptive circuitry. Using a
FosTRAP2 reporter mouse line in a model of SCI-induced NP, we show SCI alters activation of a number of important inter-
neuron and projection neuron populations across relevant spinal cord and brain locations of the pain circuitry neuraxis.
These data suggest a role for maladaptive plasticity involving specific subpopulations of neurons and circuits in driving SCI-
induced chronic pain. Moving forward, these results can be used to inform therapeutic targeting of defined neuronal popula-
tions in NP.
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Introduction
Chronic neuropathic pain (NP) is one of the most common
comorbidities of spinal cord injury (SCI), affecting as many as
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80% of patients (Finnerup et al., 2001). It can manifest as allody-
nia, in which previously innocuous sensory stimuli become pain-
ful, and can therefore disrupt many activities of daily living and
have debilitating effects on quality of life (Siddall et al., 2003).
SCI-induced NP can also involve hyperalgesia, in which there is
enhanced sensitivity to a normally-noxious stimulus. In addition,
a large portion of individuals with SCI experience spontaneous
pain in the absence of peripheral stimulation. Moreover, current
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therapeutics have limited efficacy, due in part to an incomplete
understanding of the mechanisms underlying this type of patho-
logic pain (Cardenas and Jensen, 2006). There is therefore an
urgent need to more clearly define SCI-induced changes in sen-
sory processing to begin to develop more effective therapeutics
for affected individuals.

Spinal cord dorsal horn (DH) receives innervation by primary
sensory afferents and is critical for the processing of nociceptive
sensory information (Todd, 2010). Highly heterogeneous and
complex microcircuits of excitatory and inhibitory interneurons
integrate somatosensory nociceptive information and gate sig-
naling to supraspinal pain relevant nuclei (Mendell, 2014; Todd,
2017). Genetic and pharmacologic manipulation (and/or abla-
tion) of DH neurons has helped to define roles of specific sub-
populations of DH interneurons and projection neurons in
normal pain processing (Choi et al., 2020; Sheahan et al,,
2020). Furthermore, injury induced changes in DH neuron
signaling have been implicated in models of NP, in particu-
lar peripheral nerve injury. While SCI induces reactivity of
glial populations in DH such as microglia and astrocytes
that has been therapeutically targeted to prevent and/or
reverse NP (Gwak et al., 2012), relatively little is known
about SCI-induced changes to the activation state of spe-
cific DH neuron microcircuits.

Inhibitory interneurons in DH provide both presynaptic
and postsynaptic inhibition of primary afferents, excitatory
interneurons, and second-order pain projection neurons and
are critically important for normal somatosensory processing.
There are four major populations of inhibitory interneurons
located primarily in Laminae II/III, which are neurochemi-
cally defined by expression of neuronal nitric oxide syn-
thase (nNOS), parvalbumin, neuropeptide Y (NPY), or
galanin/dynorphin (Polgar et al., 2013). Several of these
populations have established roles in nociception. For
example, nNOS™ interneurons inhibit cutaneous mechani-
cal signaling via synapses with protein kinase C (PKC)y™
excitatory interneurons, as well as by directly inhibiting
Lamina I spinal projection neurons (Puskar et al., 2001;
Sardella et al., 2011). Activation of nNOS" interneurons
decreases pain-like responses to both mechanical and ther-
mal stimuli (Huang et al., 2018). Additionally, NPY " neu-
rons provide direct inhibition of DH projection neuron
signaling, and following peripheral nerve injury activity of
NPY " interneurons is decreased, leading to mechanical allo-
dynia (Cameron et al., 2015; Iwagaki et al., 2016; Tashima et
al., 2021). There is an overall loss of DH inhibitory signaling
(as measured by decreased GABA/GAD expression), which
plays a role in models of peripheral nerve injury and SCI-
induced NP (Ibuki et al., 1997; Drew et al., 2004; Kami et al.,
2016). Increased activity of excitatory interneurons has also
been implicated in underlying pathologic pain in preclinical
models. For example, loss of parvalbumin input to PKCy™
excitatory interneurons partially underlies mechanical allo-
dynia in a model of peripheral nerve injury (Petitjean et al.,
2015). Importantly, it remains unclear how activity of spe-
cific subpopulations of inhibitory and excitatory interneur-
ons contributes to the generation and persistence of SCI-
induced NP.

After processing by DH interneurons, somatosensory informa-
tion is passed by DH projection neurons to supraspinal pain proc-
essing areas. DH projection neurons are large diameter neurons
characterized, at least in a subset of the population, by their
expression of the neurokinin-1 receptor (NKIR). They form a

Brown et al. e Differential Pain Circuit Neuron Activation after SCI

band in Lamina I, with smaller numbers spread throughout
Laminae III-VIII and the lateral spinal nucleus (Todd, 2010;
Wercberger and Basbaum, 2019). They receive ~50% of their glu-
tamatergic input from primary afferents, but their activity is signif-
icantly regulated by DH interneurons (Polgar et al., 2010a; Todd,
2010). Projection neurons of the DH innervate several supraspinal
nuclei, which function together to shape the stimulus induced
pain experience. The ventroposterolateral (VPL) nucleus of the
thalamus, the canonical site of pain processing, receives only a
small fraction of DH projections, with the majority synapsing in
one or more of several other brain nuclei that each regulates spe-
cific aspects of the pain response (Spike et al., 2003; Polgar et al.,
2010b). For example, the lateral parabrachial nucleus (LPB) regu-
lates pain induced affectual changes, while the periaqueductal gray
(PAG) coordinates top-down modulation of DH neuronal signal-
ing indirectly through projections to the dorsal raphe (DR) and
locus coeruleus (LC) and directly via descending projections to the
spinal cord DH (Heinricher et al., 2009). As a population, DH pro-
jection neurons synapse in multiple supraspinal locations, and it
remains unknown whether SCI alters activation of specific subpo-
pulations of projection neurons that innervate select supraspinal
nuclei (Al-Khater and Todd, 2009).

Immediate early genes, which are transcribed in the ab-
sence of de novo protein synthesis in response to neural
stimulation, have been used as markers of neuronal activa-
tion (Herschman, 1991). In the context of nociception, the
transcription factor c-Fos has long been used in DH as an
immediate early gene marker of neuronal activation (Hunt
et al., 1987; Menétrey et al., 1989). Recently, a mouse line has
been developed that expresses a fos-promoter driven, estro-
gen-dependent Cre-recombinase (FosTRAP2; DeNardo et al,
2019). Tamoxifen administration to these mice induces recombina-
tion and therefore permanent expression of Cre-dependent genes in
Fos-expressing neurons (Guenthner et al, 2013; DeNardo et al,
2019). We crossed these targeted recombination in active popula-
tions 2 (TRAP2) mice with a genetic Cre-regulated TdTomato
reporter animal [or through targeted intraspinal viral delivery of
Cre-dependent green fluorescent protein (GFP) to the DH] to
clearly visualize Fos-expressing activated neurons in the context of
SCI, both in the presence or absence of different peripheral sensory
stimulus modalities.

Using TRAP2 mice, we delivered a clinically relevant cervical
hemi-contusion SCI, which we have previously reported induces
multiple forms of persistent at-level and below-level NP-related
behaviors, including mechanical allodynia and thermal hyperal-
gesia consistently in all injured mice (Putatunda et al., 2014;
Watson et al, 2014; Ritter et al, 2015; Falnikar et al., 2016;
Heinsinger et al., 2020; Brown et al., 2021). We used this para-
digm to explore SClI-induced activation changes in three neuro-
nal population groups relevant to pain processing: interneurons
of the cervical DH and lumbar DH, DH projection neurons of
the cervical spinal cord, and neurons in several pain-relevant
supraspinal areas (including those that receive direct projections
from DH). We quantified FosTRAP2 reporter levels as a marker
of neuronal activity in these populations at multiple time points
postinjury, as well as in response to mechanical or thermal sen-
sory stimulation paradigms that evoke NP-like behavioral
responses in SCI animals.

Materials and Methods

Animals
Animal procedures were approved by Thomas Jefferson University’s
Institutional Animal Care and Use Committee (IACUC) and were
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conducted in compliance with the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals and the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines. Mouse
lines Fos2A-iCreER (TRAP2; stock #030323) and Ail4 (stock #007908)
were obtained from The Jackson Laboratory. Mouse lines were main-
tained separately as homozygotes, and cross bred for experiments. F1
generation of TRAP2 mice crossed with Ail4 mice were used for most
experiments, unless otherwise specified. A mix of both female and male
mice was used between 20 and 30 g, with an # of three to eight animals
per group for the various analyses.

SCI surgeries

TRAP2 x Ail4 mice were anesthetized with 1% isoflurane. Contusion
SCI was conducted, as previously described (Brown, Falnikar et al.,
2021). Briefly, an incision was made from just caudal to the skull to just
rostral to the T1 process and muscle layers were separated individually,
exposing the dorsal laminae of the spinal column. The right side of the
dorsal laminae above the cervical spinal cord level (C)5 and Cé6 spinal
cord were removed using rongeurs. The Infinite Horizons spinal impac-
tor (Precision Systems and Instrumentation) was used to generate a con-
tusion SCI on the right side of the C5/6 spinal cord using the following
parameters: 0.7-mm impactor tip, 50 kdynes of force, 2 s of dwell time.
Laminectomy-only uninjured controls received identical surgeries but
did not receive a contusion. While we do not present in the current
study functional data from these cervical contusion SCI mice showing
the effects of the injury on various NP-related behaviors, we have repeat-
edly demonstrated that this exact same mouse unilateral C5/6 contusion
model reproducibly produces at-level (in the forepaw plantar surface)
thermal hyperalgesia and mechanical allodynia in every mouse tested
(Heinsinger et al., 2020; Brown, Falnikar et al., 2021). In addition, these
NP-related thermal and mechanical phenotypes persist in every mouse
until chronic time points postinjury. Furthermore, the thermal and
mechanical phenotypes exhibited by these cervical contusion mice show
an extremely low amount of animal-to-animal variability. Therefore,
because every mouse subjected to this SCI paradigm exhibits robust
thermal hyperalgesia and mechanical allodynia and also because these
sensory behavioral phenotypes show very little variability across animals,
we were unable to perform a within-animal correlation of the degree of
FosTRAP2 labeling (to identify putatively activated neurons) and the
degree of NP-like behavior exhibited by that same animal.

Tamoxifen administration and peripheral stimulation paradigms

Tamoxifen (MilliporeSigma) was dissolved to a concentration of 1 mg/
10 pl and was delivered via intraperitoneal injection with an insulin sy-
ringe 1x per day for 2d (160 pg/g bodyweight). Our SCI paradigm
causes mechanical allodynia (decreased paw withdrawal threshold in
response to a previously innocuous mechanical stimulus; Heinsinger et
al,, 2020; Brown et al,, 2021). Ipsilateral forepaw withdrawal threshold
for intact and laminectomy-only mice is ~1.5 g of force using von Frey
filaments, while the paw withdrawal threshold of cervical contusion SCI
mice is ~0.1 g (Heinsinger et al., 2020; Brown et al,, 2021). We were
therefore able to design a paradigm in which we could stimulate the
ipsilateral forepaw of animals in a way which would be nocifensive
to SCI animals but not laminectomy mice. Immediately before tamoxi-
fen administration, animals were scruffed and a von Frey filament
(Aesthesio Precision Tactile Evaluator, DanMic Global) applying 0.16 g
of force was applied 10 times to the plantar surface of the ipsilateral fore-
paw. Care was used to ensure applications were made to the center of
the forepaw, avoiding the toe pads, and applications were considered
complete as soon as the filament was bent and force was applied (there
was no dwell time; the filament was touched to the surface of the fore-
paw, bent, and then immediately removed). In one experiment, unin-
jured laminectomy-only animals were instead stimulated using a 1-g
filament. The thermal stimulation paradigm was designed in a similar
fashion. As measured with a Hargeaves apparatus (Ugo Basile), the la-
tency to ipsilateral forepaw withdrawal of uninjured laminectomy-only
mice is ~20 s. Following cervical contusion SCI, the forepaw withdrawal
threshold decreases to ~10 s (Heinsinger et al., 2020; Brown et al,,
2021). Therefore, in similar fashion to applying the mechanical stimulus,
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we applied a 10 s thermal stimulus to the plantar surface of the ipsilateral
forepaw in conjunction with tamoxifen injection. While we did not per-
form quantitative von Frey or Hargreaves testing on the FosTRAP2 mice
used for histologic analyses in this study, we nevertheless did observe
that all paw-stimulated mice exhibited the typical expected behavioral
phenotypes that we consistently observe for mice subjected to this SCI
paradigm, including supraspinal-associated behaviors in response to
each thermal and mechanical stimulation such as guarding, licking,
vocalization, and escape behaviors.

Viral injections

Following hemi-laminectomies above the ipsilateral C7/C8 spinal cord,
an AAV1 pCAG-FLEX-EGFP-WPRE (addgene: 51502-AAV1) was
injected into the DH using a UltraMicroPump and Micro4 Microsyringe
Pump Controller (World Precision Instruments; 0.2 mm deep, 1 mm lat-
eral to the spinal midline; 1pl per injection site, injected over 5min;
Lepore, 2011; Li et al., 2015a; Falnikar et al., 2016). Injection was deliv-
ered using a pulled glass pipette attached with silicone to a 10-pl
Hamilton syringe (Hamilton, catalog #1701). The needle was moved
into position and allowed to rest for 5min before the injection, and
5min after injection, before being removed from the spinal cord.
Biobrane (Smith&Nephew) was gently placed over the spinal cord at the
two injection sites before wound closure. At one week after injection, a
second surgery was conducted in which animals were given either lami-
nectomy-only surgery or C5/6 contusion (ipsilateral to the injection
sites), as described above. This vector does not have a constitutive re-
porter to detect all transduced cells (regardless of their activation state).
Instead, the fluorescent reporter is only observed in activated neurons.

Tissue processing

Animals were killed using an overdose of ketamine (100 mg/kg) and
xylazine (5mg/kg), then transcardially perfused with 0.9% saline, fol-
lowed by 4% paraformaldehyde. Spinal cord and brain were dissected
and placed in 4% PFA overnight, then transferred to 0.1 M phosphate
buffer for 24 h, before being placed in 30% sucrose for at least 3 d before
cryosectioning. Spinal cords were flash frozen in tissue freezing media
(General Data Healthcare), then sectioned transversely at a thickness of
30 um. Similarly, brains were sectioned coronally at a thickness of
40 um. Brains and spinal cords were mounted directly on Superfrost
Plus slides. Following DH projection neuron tracing, brains of animals
were sectioned at 40 um and stored free-floating in TBS with 0.05%
sodium azide, before being mounted on Superfrost slides before
immunohistochemistry.

Immunohistochemistry

For immunostaining analysis, cervical spinal cord sections were located
in intact tissue caudal to the contusion epicenter (corresponding to the
C7/8 spinal cord level). Lesion epicenter was defined as the transverse
spinal cord section with the largest percentage of lesion area (Lepore
et al., 2011; Li et al., 2015b). This caudal location was chosen because it
is the site of input to DH from primary sensory afferents that innervate
the plantar surface of the ipsilateral forepaw. Lumbar spinal cord analysis
was performed at L4/L5, as these segments receive primary afferent
input from the plantar surface of the hindpaw. With the exception c-Fos,
slides for immunohistochemistry were dried overnight at room tempera-
ture, then for 1 h at 37C. For inhibitory interneuron subtype markers,
antigen retrieval was used. Slides were placed in a 95C water bath for
10min in a slide holder in antigen retrieval buffer (R&D Systems,
CTS015). A hydrophobic barrier was then applied around the sections to
be immunostained, and slides were washed three times for 5min each in
PBS. Slides were then blocked for 1 h in blocking buffer (5% donkey se-
rum and 0.1% Triton X-100 in PBS). Slides were then incubated at 4C
overnight at the concentrations specified below in blocking buffer.
Slides were then washed 3 x5 min in PBS and incubated in the
appropriate secondary antibody listed below at a concentration of
1:200 in blocking buffer before being mounted with Fluorsave
(Millipore Sigma). The protocol used for c-Fos immunohisto-
chemistry can be found published by DeNardo et al. (2019).
Primary antibodies used were: rabbit anti-c-Fos (Synaptic Systems,
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AB_2231974, 1:1000), goat anti-Pax2 (R&D Systems,
AB_10889828, 1:250), goat anti-calretinin (R&D
Systems, AB_2068516, 1:300), goat anti-PKCy (R&D
Systems, AB_2300308, 1:300), mouse anti-parvalbu-
min (Millipore Sigma, AB_477329, 1:1000), rabbit
anti-neuropeptide-Y (Peninsula Laboratories, AB_
518504, 1:500), rabbit anti-nNos (Cell Signaling, AB_
2612783, 1:250), and chicken anti-GFP (Aves Labs,
AB_10000240, 1:1000). Secondary antibodies from Jackson
ImmunoResearch Laboratories, Inc. were used at 1:200:
donkey anti-rabbit Alexa Fluor 647, AB_2492288;
donkey anti-rabbit Alexa Fluor 488, AB_2313584; donkey
anti-mouse Alexa Fluor 488, AB_2340846; donkey anti-goat
Alexa Fluor 488, AB_2340428; and donkey anti-goat Alexa
Fluor 647, AB_2340436.

Imaging and analysis

Immunohistochemistry staining was imaged using either
a Zeiss Axiol0 Imager or a Leica SP8 confocal micro-
scope. Displayed images are shown as max projected z-
stacks or as orthogonal projections. Co-labeling of cells
for tdTomato and markers of neuronal subpopulations
was confirmed in three dimensions and counted using
ImageJ. Each data point is the average of three sections
per animal; for NK1R analysis, each data point is the sum of five sections
per animal. It was necessary to quantify NKIR staining in this fashion
because of the very low number of Lamina I NKIR" projection neurons
in the cervical spinal cord. Images were prepared for display using LAS
X imaging software (RRID: SCR_013673) and Image] (RRID: SCR_
003070). We performed quantification separately in Lamina I, and
Laminae II/III. We defined Lamina I as the area encompassed by NKI1R
immunolabeling band, Lamina IT as the area extending from the ventral
border of NKIR immunolabeling band to the ventral border of PKCy
immunolabeling band (which is restricted to neurons of the inner region
of Lamina II). Lamina III was defined from a reference atlas (Watson et
al,, 2009), as described previously (Polgir et al., 2005). Brain regions
were defined from a reference atlas, and the average of three to five ran-
domly selected sections were quantified for each region. Image] was
used: to count numbers of TdTomato™ cells; for injection experiments
to count numbers of GFP ™" putative axon profiles; and to trace the total
length of GFP ™ putative axon profiles in each section. For PAG analyses,
we quantified both TdTomato and GFP expression from coronal brain
sections containing PAG completely encircling the cerebral aqueduct
(between atlas sections 93 and 103 in the Allen Brain Atlas). We ran-
domly selected sections from this region for analysis as it had the highest
density of GFP labeling in our intra-DH virus injection experiments.
Care was chosen to closely match locations for TdTomato ™ cell counting
and GFP" profile analysis.

Figure 1.

Experimental design and statistical analysis

All statistical analysis was performed using GraphPad Prism (RRID:
SCR_002798). Parametric one-way ANOVA with Tukey’s post hoc test
was used for all comparisons, unless otherwise specified. All data are dis-
played as mean = SEM. Before starting the study, mice were randomly
assigned to experimental groups, and the different surgical procedures
used within a given experiment were randomly distributed across these
mice (and within a given surgical day). For the various analyses, we
repeated the experiment in multiple cohorts of animals. All surgical pro-
cedures and subsequent histologic analyses were conducted in a blinded
manner. In Results, we provide details of sample numbers, statistical
tests used and the results of all statistical analyses (including exact p-val-
ues, t values, and F values) for each experiment and for all statistical
comparisons. We authenticated relevant experimental regents to ensure
that they performed similarly across experiments and to validate the
resulting data. Whenever we used a new batch of the AAV vector, we
verified that the virus performed equivalently from batch-to-batch by
confirming in every animal that the vector transduced neurons and
induced similar expression of the GFP reporter for each batch. For all
antibodies used in the immunohistochemistry studies, we always verified
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Lesion size quantification. Lesion size was quantified via cresyl violet staining. Representative
images of intact spinal cord (4), lesion epicenter (B), and damaged spinal cord location caudal to the epicenter
(€). Quantification of lesion size (D).

(when receiving a new batch from the manufacturer) that labeling in the
spinal cord and brain coincided with the established expression pattern
of the protein. We have provided Research Resource Identification
Initiative (RRID) numbers for all relevant reagents (i.e., antibodies and
computer programs) throughout Materials and Methods.

Results

Cervical SCI altered DH neuron activation in a lamina-
specific manner

We assessed SCI-induced neuronal activation in behaviorally rel-
evant areas of the DH in TRAP2 reporter mice. We performed a
cervical level 5/6 unilateral contusion SCI or laminectomy-only
control surgery and quantified the number of Fos-expressing
(activated) neurons at the time when NP-related behavioral phe-
notypes are first established in this SCI model [14 d postinjury
(dpi)] and also at a time point when these NP behaviors persist
chronically (35 dpi; Heinsinger et al., 2020; Brown et al.,, 2021).
The SCI lesion was restricted to the right side of the spinal cord,
with an epicenter located between the C5 and C6 levels and with
a total lesion length of ~1 mm along the rostro-caudal axis that
was consistent across animals (Fig. 1; n=5 mice). We first
assessed the effect of SCI alone; to do this, we induced recombi-
nation in Fos positive cells via intraperitoneal tamoxifen admin-
istration at either 14 or 35d postsurgery, and then waited 5d
before killing to allow time for adequate reporter expression. In
separate groups of mice, we performed the same experiments,
except contemporaneous to tamoxifen administration, we
mechanically stimulated the ipsilateral forepaw using a paradigm
based on our previous work (Heinsinger et al., 2020; Brown et
al., 2021) that is nocifensive to cervical contusion mice, but not
to uninjured laminectomy-only animals. We further explored
whether results found following mechanical stimulation were
sensory modality specific using a third experimental paradigm in
which a thermal, rather than mechanical, stimulus was similarly
applied to the ipsilateral forepaw at the time of tamoxifen admin-
istration (Fig. 2B, experimental timeline). For all results in this
study obtained from the cervical spinal cord, we performed our
TRAP2 analysis in the intact, ipsilateral C7/8 DH caudal to the
contusion site (Fig. 24, diagram depicting location of histologic
analysis). We chose this specific DH location because it receives
input from the central projections of dorsal root ganglion
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Figure 2.  Cervical SCI altered DH neuron activation in a lamina-specific manner. Unilateral C5/6 contusion or (5/6 laminectomy-only control was delivered to the right side of FosTRAP2
mice, and TdTomoto ™ cell counts were performed in the intact, ipsilateral DH at C7/8. Diagram of injury and site of analysis (). Activated neurons were quantified at 14 and 35 dpi, in the ab-
sence of ipsilateral forepaw stimulation, following mechanical stimulation of the ipsilateral forepaw (at 14 or 35 dpi), or following thermal stimulation of the ipsilateral forepaw (at 35 dpi).
Timeline of experiments (B). Representative images of the DH at 14d (€) and 35d (D) after laminectomy, and 14 d (E) and 35d (F) post-SCl. Quantification of Lamina | activated cell counts
(@), and Laminae |1+ 11l activated cell counts (H). Representative images of DH following ipsilateral forepaw stimulation in laminectomy animals at 14 d (/) and 35d (J), and contusion animals
at 14d (K) and 35d (L). Quantification of activated neurons in Lamina | (M) and in Laminae II+1II (N). Gray bars in graphs: laminectomy-only; white bars in graphs: cervical contusion. Scale
bar: 100 pm.

primary afferents that innervate the forepaw plantar surface (i.e., We quantified the number of Fos-expressing (activated) neu-
the peripheral location where we have demonstrated persistent ~ rons in unstimulated mice and found that SCI alone increased
NP-related behavior phenotypes in this cervical contusion SCI ~ DH neuron activation (Fig. 2C-H). When we performed this
mouse model). analysis on a per lamina basis, we found that SCI-induced
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increases in Fos expression were re-
stricted to Lamina I at both 14 and

Laminectomy

Contusion

35dpi (ANOVA, F=8.53, p=0.004;
Tukey’s test: 14d lam. (laminectomy-
only) vs 14d cont. (contusion), p=
0.03, n=4 mice/group; 35d lam. vs
35d cont., p=0.03, n=3/group; Fig.
2G), while there was no difference in
neuron activation in deeper laminae
of the DH (Laminae II and III;
ANOVA, F=1.2, p=0.34; Fig. 2H).
Importantly, at 14d postsurgery in
laminectomy-only FosTRAP2 mice
that did not receive tamoxifen admin-
istration, we observed no TdTomato ™"
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-
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-
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cells at all in either the ipsilateral or
contralateral cervical DH (n =4 mice;
data not shown). Using cFos immu-

o
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Lamina | c-fos* Cells 0

o

Lamina lI+lll c-fos Cells

nohistochemistry in the DH of mice
at 35dpi (Fig. 3), we found that the
changes in FosTRAP2 reporter” cell
counts were accompanied by similar
alterations in numbers of cells with
cFos protein expression. Specifically,
SCI induced an increase in cFos-
expressing cells in Lamina I (¢ test,
p=0.01, n=>5 mice/group; Fig. 3C),
with no change in Laminae II/IIT (¢
test, p=0.48, n=5 mice/group; Fig.
3D), mirroring our findings in the
TRAP2 animals.

Interestingly, we also observed
FosTRAP2 reporter " astrocytes in the
spinal cord, based both on morphol-
ogy (Fig. 3E) and co-labeling with
GFAP (data not shown). These astro-
cytes were primarily restricted to the
intact, ipsilateral ventral horn caudal
to the contusion site (Fig. 3G), and were never observed in
laminectomy-only animals (Fig. 3F; n = 5 mice for SCI; n =5
mice for laminectomy; 14d postsurgery). In addition, we
observed occasional Fos™ astrocytes in supraspinal pain
locations in a subset of SCI mice, which again was never
found in laminectomy-only animals (data not shown).

Laminectomy

Figure 3.

300 um (F, 6).

DH neuron activation changes induced by allodynic
mechanical stimulation

We next assessed the effect of SCI on DH neuron activation in
the context of peripheral sensory stimulation. We chose to assess
this in response to mechanical stimulation, as SCI animals in this
cervical contusion model develop chronic mechanical allodynia
starting one to two weeks postinjury (Heinsinger et al., 2020;
Brown et al.,, 2021). We found a mechanical stimulation induced
increase in neuronal activation post-SCI in the DH (Fig. 2I-N).
When analysis was again stratified by lamina, there was a robust
increase in Lamina I neuron activation in SCI animals at both
early and late time points (ANOVA, F=28.36, p<0.0001;
Tukey’s test: 14d lam. vs 14d cont., p=0.029; 35d lam. vs 35d
cont., p<<0.0001; Fig. 2M). Conversely, there was no SCI-
induced change in neuron activation in Lamina II/IIT at 14 or
35dpi (ANOVA, F=1.38, p=0.19 n=3-6 mice/group; Fig. 2N).
Furthermore, we mechanically stimulated the plantar surface of
the right forepaw of intact FosTRAP2 mice (i.e., animals that

SCI

Laminectomy SCI

SCl increased the number of ¢-Fos protein-expressing DH neurons. Immunohistochemistry against c-Fos in the DH
35d following laminectomy (4) or contusion (B). Quantification of c-Fos™ cells in Lamina | (€), and Laminae I1+11l (D). SCI-
induced Fos expression in ventral hom astrocytes: higher-magnification image of a FosTRAP2 reporter™ astrocyte in ipsilateral
(7 ventral horn (E). Representative transverse section of (7 spinal cord following laminectomy (F) or contusion (G). Scale bar:

received no surgery) with a 1.0-g von Frey filament correspond-
ing to the forepaw withdrawal threshold for uninjured non-SCI
mice. When we analyzed FosTRAP2 TdTomato " labeling in cer-
vical DH in animals stimulated with the 1.0-g filament (Lamina
I: 6.083 = 1.487; n=4; and Laminae II/III: 34.58 % 3.392; n=4)
ipsilateral to the site of forepaw stimulation, we found similar
levels of DH neuronal activation between the 1.0- and 0.16-g fila-
ment sizes in these laminectomy-only mice.

SCI effects on activation of DH excitatory interneurons

We hypothesized that SCI may differentially affect activation
of DH neuronal subtypes, which could consequently alter the
excitatory-inhibitory balance of various microcircuits of the DH
(e.g. decreased activation of inhibitory interneurons and/or
increased activation of excitatory interneurons). To test this, we
first quantified TRAP2 reporter labeling in two populations of
primarily excitatory DH interneurons with known roles in regu-
lating mechanical nociception. We chose to probe a population
located throughout Laminae I and II, characterized by calretinin
expression, which has roles in normally regulating DH output in
response to cutaneous mechanical stimulation (Petitjean et al.,
2019; Smith et al., 2019). After SCI in the absence of mechanical
stimulation, there was no SCI-induced change in calretinin*
interneuron activation (ANOVA, F=1.92, p=0.17, n=3-6
mice/group). However, in chronically injured mice presented
with mechanical forepaw stimulation, there was a doubling in
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the number of activated calretinin™ interneurons (ANOVA,
F=4.74, p=0.02; Tukey’s test: 35d lam. vs 35d cont., p=0.02,
n=6 mice/group; representative images, Fig. 4A-F; orthogonal
projection of a calretinin " TdTomato " cell, Fig. 4G; quantifica-
tion in Fig. 4H).

The second excitatory interneuron population we assessed
expresses PKCy and is located primarily in the inner band of
Lamina II, with small numbers in Lamina III. PKCy ™ interneur-
ons normally gate non-nociceptive mechanical information, but
following peripheral nerve injury, are recruited to pain cir-
cuitry, in part because of a loss of inhibitory tone (Neumann
et al., 2008; Petitjean et al., 2015). SCI increased PKCy inter-
neuron activation, which appeared to be mostly stimulation
independent (representative images, Fig. 4I-N; TdTomato " PKCy*
cell orthogonal projection, Fig. 40). PKCy interneuron activation
was increased by SCI at 14d, and mechanical stimulation failed to
further activate these neurons (unstimulated: ANOVA, F=4.78,
p=0.02; Sidak’s: 14d lam. vs cont, p=0.03, 35d lam. vs cont.,
p=0.14, n=3-6 mice/group; mechanically stimulated: ANOVA,
F=6.25, p=0.006; Sidak’s: 14d lam. vs cont., p=0.02, n=3 mice/
group; 35d lam. vs 35d cont., p=0.01, n=6-7 mice/group; Fig. 4P).

Reduced activation of DH inhibitory interneurons after SCI
Given that we found no change in total numbers of activated
Laminae II/III neurons post-SCI, but did observe an increase in
the activation of two populations of excitatory interneuron sub-
types, we hypothesized that there may be a reduced number of
activated inhibitory interneurons. To assess this, we first used
immunohistochemistry for the transcription factor Pax2, which
is necessary for DH inhibitory interneuron differentiation and is
expressed by >95% of DH inhibitory interneurons in the adult
rodent (Foster et al., 2015; Larsson, 2017). Inhibitory interneur-
ons in Laminae IT and III are particularly important for the gat-
ing of sensory information; therefore, we restricted our analysis
to this region. We first assessed the effect of SCI alone, and found
a SClI-induced decrease in Laminae II/III inhibitory neuron acti-
vation at both 14 and 35dpi (ANOVA, F=8.61, p=0.0032.
Sidak’s: 14d lam. vs 14d cont. p=0.05, n=3 mice/group; 35d
lam. vs 35d cont., p=0.02, n =3-6 mice/group; Fig. 5A-F; quan-
tification in Fig. 5G). Mechanically stimulating the plantar sur-
face of ipsilateral forepaw revealed a further injury dependent
decrease in Laminae II/III inhibitory interneuron activation at
both acute and chronic time points (ANOVA, F=10.16,
p=0.0007; Sidak’s: 14d lam. vs 14d cont., p=0.0007, n =3 mice/
group; 35d lam. vs 35d cont., p=0.01, n=6-7 mice/group; Fig.
5H-M; quantification in Fig. 5N). To assess whether the SCI-
induced effects on interneuron activation were because of
changes in numbers of these interneurons, we quantified inter-
neurons numbers at the same cervical DH location at 35d post-
SCI or laminectomy-only. We found no SCI-induced differences
in numbers of Pax2 " cells (¢ test, p=0.77, n=>5 mice; Fig. 6A),
PKCy™ cells (¢ test, p=0.49, n=>5 mice; Fig. 6B) or calretinin™
cells (t test, p=0.24, n =5 mice; Fig. 6C).

There are several distinct, neurochemically defined popula-
tions of inhibitory interneurons in Laminae II/III; therefore, we
next sought to determine whether activation of one or more of
these subpopulations was differentially reduced by SCI using
immunohistochemistry to identify specific markers for each of
these subpopulations in chronically injured spinal cord. The first
inhibitory subpopulation we assessed was characterized by
expression of parvalbumin. These neurons synapse onto excita-
tory vertical cells and excitatory PKCy interneurons and play an
important role in regulating cutaneous mechanical sensory input
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(Petitjean et al., 2015). There was no mechanical stimulation
induced difference in parvalbumin® inhibitory neuron acti-
vation between SCI and laminectomy animals (Mann-
Whitney, p = 0.64; Fig. 50). Parvalbumin expressing neurons
accounted for 22% of the total activated Laminae II/IIT inhib-
itory interneuron population following laminectomy and
33% following contusion. We next assessed NPY expressing
Laminae II/III inhibitory interneurons, which make direct
projections to Lamina I projection neurons and have a role
in transmitting itch, but are not normally in the nociceptive
pathway (Iwagaki et al., 2016; Acton et al., 2019). We also
found no difference in the number of activated Laminae II/
III NPY™ inhibitory interneurons (Mann-Whitney, p =0.29;
Fig. 5P). This population accounted for 13% of activated
Laminae II/III inhibitory interneurons following both SCI
and laminectomy. Finally, we assessed activation of Laminae
II/IIT Pax2® neurons which co-express nNOS™ (Fig. 5Q).
These cells are directly innervated by primary sensory affer-
ents and synapse directly on Lamina I projection neurons, as
well as on PKCvy expressing excitatory neurons in Lamina II
(Bernardi et al., 1995; Puskéar et al.,, 2001, Sardella et al.,
2011). Activation of these neurons has been shown to sup-
press mechanical nociception. We found a 56% decrease in
total number of activated nNOS™ Pax2™ inhibitory inter-
neurons in SCI compared with laminectomy-only (Mann-
Whitney, p = 0.02). In laminectomy-only mice, "\NOS™* interneur-
ons accounted for 52% of the total number of activated Laminae II/
IIT inhibitory cells, while in SCI animals they accounted for 47% of
the total (quantification for all inhibitory interneuron subtypes; Fig.
5R, n=3-6 mice/group).

DH neuron activation changes induced by thermal
stimulation

Individuals with SCI can experience chronic NP in response to
one or multiple sensory modalities (e.g., heat, cold, mechanical;
Finnerup et al,, 2001; Siddall et al., 2003). Furthermore, DH neu-
ron populations and microcircuits that process this information
can vary depending on the sensory modality and can also vary in
some cases between normal physiological and nervous system
injury conditions (Todd, 2010). For this reason, we examined
effects of presenting different forms of sensory stimulation on
DH neuron activation changes post-SCI. Specifically, we paired
tamoxifen induction with a normally innocuous thermal stimu-
lus (that induces a NP-related behavioral response in cervical
contusion mice; Heinsinger et al., 2020; Brown et al., 2021) of the
ipsilateral forepaw plantar surface at 35d after SCI or laminec-
tomy. We then quantified total number of activated neurons at
the same DH location as with the mechanical stimulation para-
digm. We observed an increase in Lamina I neuron activation in
SCI compared with laminectomy in TRAP2 mice, although
this effect did not reach statistical significance (t test,
p=0.06, n=>5 mice/group; Fig. 7A,D; quantification in Fig.
7G). Similar to mechanically stimulated animals, we found
no difference in the total numbers of activated Laminae II/III
neurons (Mann-Whitney, p=0.15, n=5 mice/group; Fig.
7H). As in previous experiments, we next assessed the activa-
tion of DH interneuron subpopulations. We first quantified
numbers of activated calretinin interneurons, as there was a
robust increase in their activation in response to mechanical
stimulation at 35 dpi. We found that thermal stimulation did not
induce an increase in calretinin" interneuron activation, indicat-
ing that at 35 dpi this population may be specifically responding
to and transmitting previously innocuous mechanical, but not
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Figure 4.  SCl increased activation of excitatory DH interneurons. Cervical SCl increased the activation of calretinin © DH interneurons following mechanical stimulation of ipsilateral forepaw.
Representative DH images of animals that received stimulation 35 d after laminectomy: TdTomato reporter expression (4), calretinin expression (B), and merged (C). Representative DH images
of mechanically stimulated animals at 35 d after SCI: reporter expression (D), calretinin (E), and merged (F). High-magnification orthogonal projection of a TdTomato expressing calretinin™ cell
(6). Quantification of activated calretinin™ neurons (H). SCl increased the activation of PKCy+ excitatory intemeurons both with and without mechanical forepaw stimulation. Representative
DH images of mechanically stimulated animals 35 d after laminectomy: TdTomato (/), PKC-y (J), merge (K); and mechanically stimulated animals 35 d post-SCl: TdTomato (L), PKCy (M), merge
(N). High-magnification orthogonal projection of an activated PKCy ™ interneuron (0). Quantification in P. Gray bars in graphs: laminectomy-only; white bars in graphs: cervical contusion.
White arrowheads indicate co-labeled cells. Scale bar: 100 pm.
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lation induced Pax2™ inhibitory interneuron activation (N). Representative images of cells triple-labeled for: TdTomato, Pax2, and interneuron subtype-specific marker: par-
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Interneuron numbers were not altered by SCl in the ipsilateral DH caudal to injury. Numbers of neurons expressing Pax2 (4), PKC-y (B) or calretinin (€) were quantified 35 d after

laminectomy (white bars) or SCI (gray bars). No significant differences in any population were observed between SCl and laminectomy-only conditions (t test, p > 0.05).

thermal, sensory information (Mann-Whitney, p=0.33, n=5
mice/group; Fig. 7A-F; quantification in Fig. 7I). We next
assessed SCI-induced changes in activation of Laminae II/III
Pax2" inhibitory interneurons after a thermal stimulus and
found a significant decrease in their activation (Fig. 7K-P; quan-
tification in Fig. 7J; t test, 0.006, n = 3 mice/group), similar to the
mechanical stimulation paradigm. Together, our data indicate
that SCI may increase the activation of calretinin® expressing
interneurons in response to mechanical but not thermal stimula-
tion, while possibly causing a multimodality induced reduction
in inhibitory interneuron activation.

Cervical SCI did not alter DH neuron activation in lumbar
spinal cord

In addition to at-level NP, many individuals affected by SCI ex-
perience below-level chronic pain in caudal dermatomes far
removed from the anatomic spinal cord level of injury (Finnerup
et al., 2001; Siddall et al., 2003). Similar to forepaw NP-related
behavioral changes, this cervical contusion mouse model also
induces a robust below-level NP-like behavioral phenotype in
the form of both mechanical allodynia and thermal hyperalgesia
in the hindpaw (Brown et al, 2021). We therefore examined
whether cervical SCI altered DH neuron activation in the context
of below-level NP by performing TRAP2 analysis in the lumbar
L4/5 spinal cord at 14 and 35d postsurgery. We found no SCI-
induced differences between laminectomy-only and SCI mice in
activated cell numbers at either time point (ANOVA, F=2.66,
p=0.07, n=4-7 mice/group; Fig. 8A4,D; quantification in Fig.
8G). We next examined whether, as is the case in the cervical
DH, there was a SCI-induced decrease in inhibitory neuron
activation. We quantified the number of activated Pax2™
neurons in the L4/L5 DH and found no difference at 35 dpi
(Mann-Whitney, p=0.51, n=5-6 mice/group). To further
confirm that there was no effect of cervical SCI on inhibi-
tory interneuron activation in the lumbar DH, we next
quantified numbers of activated nNOS" Pax2™ triple-labeled L4/
L5 inhibitory interneurons and found no difference in the activation
of these cells at 35dpi (Mann-Whitney, p=0.98, n=4-6 mice/
group; Fig. 8I-L; quantification in Fig. 8M). Taken together, these
data suggest that alterations in the excitability of lumbar DH neu-
rons may not be responsible for driving cervical SCI-induced
below-level NP.

Increased activation of DH projection neurons

Somatosensory information is transmitted from the periphery,
through the DH, and then to various structures in the brain.
Lamina I projection neurons are the major ascending conduit for

nociceptive sensory information between the spinal DH and
supraspinal nuclei. Assessing the effects of SCI on activation
of these brain neuron populations is of great importance for
understanding how changes in neuron activity across the pain
processing neuraxis may be influencing behavior. To assess DH
projection neuron activation, we first performed immunohisto-
chemistry for the NKIR specifically in Lamina I. While NKIR
does not label all DH projection neurons in the rodent (Choi et
al., 2020; Sheahan et al., 2020), it nevertheless does mark a large
percentage, particularly in superficial DH (Choi et al.,, 2020;
Sheahan et al., 2020). Furthermore, while a portion of NKIR
expressing neurons across the DH are excitatory interneurons,
the largest number of these NKIR™ interneurons are present in
deeper DH laminae (Sheahan et al, 2020), suggesting that a
major portion of the FosTRAP2-labeled NKIR ™ cells we quanti-
fied in Lamina I are likely projection neurons (especially because
we restricted our analysis to NKIR™ cells with a large somal di-
ameter). While analyzing only large somal diameter NKIR"
Lamina I neurons likely increased the proportion of projection
neurons included in our quantification, the exact identity of each
NKIR" neuron was unknown. In the absence of mechanical
stimulation, SCI alone did not increase the activation of Lamina
I NKIR" neurons (ANOVA, F=5.93, p=0.007, Tukey’s test,
p=0.96, n=3-4 mice/group; representative images, Fig. 9A-F;
orthogonal projections of an activated NKIR" neuron in Fig.
9G-I; quantification in Fig. 9]). Following mechanical stimula-
tion of the ipsilateral forepaw, however, there was nearly a three-
fold increase in the number of activated of NKIR" cells in
Lamina I in SCI mice compared with laminectomy-only control
(ANOVA, F=5.93, p=0.007; Tukey’s test: mechanical stimula-
tion, lam. vs cont., p =0.008, n = 6 mice/group).

DH projection neurons synapse in one or more of several
supraspinal nuclei that each have distinct roles in pain processing
(Todd, 2010). It is important to understand whether SCI differ-
entially alters the activation of subpopulations of DH projection
neurons that innervate specific supraspinal locations. To address
this question, we paired FosTRAP2 mice with a viral approach to
selectively trace the axons of activated DH projection neurons in
an anterograde manner from their cell body location in C7/C8 to
these supraspinal structures. We intraspinally microinjected an
AAV1 vector encoding a Cre-dependent GFP (AAV1-flex-GFP)
into the ipsilateral C7 and C8 DH (at two injection sites) at
one week before delivering either a C5/6 laminectomy or contu-
sion SCI (Fig. 104, diagram of SCI and intraspinal injection par-
adigm). At two weeks post-SCI, tamoxifen administration was
paired with mechanical stimulation of the ipsilateral forepaw to
induce recombination and GFP expression in activated DH
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Figure 7. DH neuron activation changes induced by thermal stimulation. Representative DH images 35 d postsurgery following thermal stimulation of the ipsilateral forepaw in laminectomy:
TdTomato (A), calretinin (B), and merge (), and contusion: TdTomato (D), calretinin (E), and merge (F). Quantification of thermal stimulation induced activation of Lamina | cells (G), Laminae
I14111 cells (H), activated calretinin* cells (1), and activated Laminae II-1ll Pax2™* inhibitory neurons (J). Representative ipsilateral DH images 35 d postsurgery following thermal stimulation
in the ipsilateral forepaw in laminectomy: TdTomato (K), Pax2 (L), and merge (M), and contusion: TdTomato (N), Pax2 (0), and merge (P). White arrowheads indicate double-labeled cells.
Scale bar: 100 pm.

neurons (but only in virus-transduced cells at the site of injec-  this paradigm, we were able to efficiently target and restrict viral-
tion). To ensure adequate time for GFP reporter in axons to an-  delivered reporter expression to the ipsilateral superficial DH
terogradely reach brain structures, animals were killed 10d post-  (Fig. 10C), as well as successfully label anterogradely label antero-
tamoxifen induction (Fig. 10B, experimental timeline). Using lateral tract (ALT) axons in the intact contralateral spinal cord
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rostral to the contusion site in both SCI and laminectomy ani-
mals (Fig. 10D,E). We quantified numbers of DH projection
neuron axons with GFP reporter in the contralateral ALT at a
location rostral to the injury site. GFP" axon density in the con-
tralateral ALT was not significantly different between SCI and
laminectomy-only animals (data not shown), suggesting similar
degrees of viral transduction of DH projection neurons between
the two groups and across all injected mice.

DH projection neurons represent only a small fraction (<5%)
of the total neuronal population in Lamina I, and furthermore
only a small fraction of ALT neurons project to the thalamus
(Spike et al., 2003; Gauriau and Bernard, 2004). In addition, as
we chose to only assess activation of DH projection neurons in
the small segment of spinal cord most relevant to the at-level
pain behavioral phenotype by injecting virus only into C7/8 DH
(i.e., the area of DH responsible for processing and transmitting
information from forepaw plantar surface), we observed very
small numbers of FosTRAP2-labeled GFP" axon projections in
the thalamus (i.e., VPL, VPM, and posterior nucleus). Instead,
we focused our analysis on two other nuclei that receive signifi-
cantly greater amounts of innervation from the spinal cord DH:
the LPB and the PAG (Todd, 2010). We first assessed the axon
projections of activated cervical DH neurons to the LPB and
were able to trace GFP™ axon projections following both SCI
and laminectomy-only (Fig. 10F,G). We quantified both total
GFP™" axon profile counts and total GFP™ axon length in the
contralateral LPB and did not find a SCI-induced difference in
either measure between laminectomy-only and SCI (axon profile
count: t test, p =0.67; axon profile length: ¢ test, p=0.71, n=3-4
mice/group; Fig. 10H,I). Using the same axon analysis approach,

we next quantified the GFP™" axon projections of activated cervi-
cal DH neurons to the PAG (Fig. 10/-M). We found that SCI
induced a significant decrease in both total GFP™ axon profile
counts and total GFP" axon length in the PAG (axon profile
count: t test, p=0.01; axon profile length: ¢ test, p=0.04, n=5-6
mice/group; Fig. 10N,0). These findings suggest there may be a
differential effect of SCI on the activation of specific subpopula-
tions of DH projection neurons, depending on where in the
brain these cells project, and it is possible that this consequently
leads to differential activation of neurons residing in these pain-
relevant brain nuclei.

SCI altered neuron activation in pain processing brain
regions

To further explore SCl-induced changes in pain circuitry, we
again used crossed FosTRAP2 x TdTomato reporter mouse to
assess neuronal activation in several relevant brain nuclei. We
quantified numbers of activated TdTomato™ cell bodies in the
brains of chronically injured mice compared with their laminec-
tomy-only controls (with both groups receiving mechanical
stimulation). We restricted our analysis to those brain nuclei that
receive ascending spinal projections from DH or those that send
descending projections to the DH.

We chose first to quantify neuronal activation in the thala-
mus, as this is a canonical location most often associated with
pain processing. We found a robust SCI-induced increase in the
density of activated neurons in contralateral thalamus compared
with laminectomy-only (Mann-Whitney, p =0.01, n=4-5 mice/
group; Fig. 11A, diagram depicting analysis location; representa-
tive images in Fig. 11B,C; quantification in Fig. 11D).
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We also explored SCI-induced neuron activation changes in
brain locations involved in the top-down regulation of DH sig-
naling. Noradrenergic projections from the LC play an important
role in the presynaptic modulation of primary sensory afferent
and excitatory interneuron signaling in the DH, and dysregula-
tion of each can lead to increased primary afferent signaling
and decreased pain thresholds (Garcia-Ramirez et al., 2014).
Therefore, we assessed neuronal activation in the LC (Fig. 11E,
diagram depicting analysis location; representative images in Fig.
11F,G), but did not find a SCI-induced difference between SCI
and laminectomy-only mice (¢ test, p=0.45, n=4-mice/group;
Fig. 11H).

We next assessed several brainstem and midbrain structures
involved in various aspects of pain physiology (Fig. 111, diagram
depicting analysis locations; Fig. 11], low-magnification image of
brainstem section from FosTRAP2 mouse). We first quantified
numbers of activated cells in the LPB and found no difference
between SCI and laminectomy-only uninjured animals (f test,
p=0.59; Fig. 11K,K’; quantification in Fig. 11L). We next quanti-
fied neuronal activation in the DR, another region involved
descending modulation of DH signaling. Serotonergic fibers
originating in the DR innervate DH to modulate pain circuit
excitability. We found no SCI-induced effect on neuronal activa-
tion in the DR (¢ test, p = 0.56; Fig. 11M,M’; quantification in Fig.
11N). Finally, to follow-up on our findings showing decreased

innervation of the PAG by activated DH projection neurons after
SCI, we quantified numbers of activated neuron cell bodies in
the PAG (Fig. 110,0’, see also: Fig. 11K,K’). Interestingly, we
observed a significant decrease in the activation of these neurons
residing in the PAG in response to cervical SCI (Mann-Whitney,
p=0.03, n=4-5 mice/group; Fig. 11P). Taken together, these
data suggest that SCI may exert differential effects on the activa-
tion of neurons in various pain-processing nuclei of the brain.

Discussion
NP is the one of the most common comorbidities of SCI and is
often highly debilitating (Finnerup et al., 2001). Due in part to
an incomplete understanding of the underlying mechanisms
driving this form of chronic pain, it is poorly responsive to
current therapeutics (Siddall et al., 2003). Understanding SCI-
induced changes in pain circuitry will have important implica-
tions for the development of novel therapeutics for this patient
population. Here, we have used a clinically relevant model of cer-
vical contusion-type SCI in an activity dependent reporter mouse
to describe neuronal activation changes in multiple spinal cord
and brain locations critical for pain processing, as well as in spe-
cific subpopulations of interneurons and projection neurons of
the DH.

Mice injured in our cervical contusion paradigm display sev-
eral NP-related pain behaviors. These animals develop NP-like
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hypersensitivity in response to both thermal and mechanical
stimuli, both at-level in the forepaw and below-level in the hind-
paw (Putatunda et al., 2014; Watson et al., 2014; Ritter et al.,
2015; Falnikar et al., 2016; Heinsinger et al., 2020; Brown et al.,
2021). In addition, these contusion mice display a spontaneous
NP-related phenotype when assessed by facial grimace testing
(Heinsinger et al., 2020). We therefore used this SCI model deliv-
ered to FosTRAP2 mice to ask questions about how activity of
neurons in DH and supraspinal pain processing nuclei is
changed after SCI. We were interested in examining how SCI

alone may activate this circuitry in the absence of peripheral sen-
sory stimulation, as well as whether pain processing neurons are
differentially activated by normally innocuous peripheral stimu-
lation that becomes painful post-SCI.

We found that SCI induced significant reductions in DH in-
hibitory interneuron activation, increases in DH excitatory inter-
neuron activation, as well as increases in the activation of the
DH projection neuron population. Further, our data suggest that
SCI induced a selective reduction in activation of DH projection
neurons that specifically innervate PAG, as well as decreases in
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activation of neurons within PAG. We speculate that these
changes in PAG-related circuitry may, for example, impact DH
signaling via alterations in descending modulation.

We found that SCI induced a decrease in Laminae II/III in-
hibitory interneuron activation in response to previously innocu-
ous mechanical stimulation specifically in a single interneuron
subpopulation characterized by the expression of nNOS. These
nNOS interneurons normally make connections with PKCy ™"
excitatory interneurons, as well as with Lamina I projection neu-
rons, and their activation reduces mechanical nociception
(Puskar et al., 2001; Sardella et al., 2011; Huang et al., 2018). A
decrease in nNOS™ inhibitory interneuron activation, as seen
here in response to mechanical stimulation post-SCI, may in part
underlie some of the behavioral phenotypes in SCI-induced NP.
This could perhaps occur through subsequently increased activa-
tion of PKCvy excitatory interneurons and projection neurons,
which we also observed following SCI. Future work aimed at spe-
cifically increasing the activity of nNOS ™ inhibitory interneurons
will be important to further define the role of these cells in pain
signaling post-SCI.

Previous work in models of peripheral nerve injury
has implicated PKCy interneurons in driving mechanical
allodynia. PKCy interneurons of the DH normally process in-
nocuous, but not noxious, mechanical sensory information
(Neumann et al., 2008). Following spared nerve injury, PKCy
neurons lose appositions from inhibitory parvalbumin* neu-
rons and become recruited into pain circuitry such that nor-
mally innocuous mechanical sensory information becomes
nocifensive (Petitjean et al., 2015). We find that SCI-induced
changes in PKCy interneuron activation, however, are inde-
pendent of mechanical stimulation (i.e., occur in both unsti-
mulated and stimulated SCI mice), indicating potentially
different mechanisms underlying central versus peripheral
nervous system injury mediated chronic pain and highlighting
the need for more examination of the role of PKCy cells in
SCI-induced NP.

We also observed mechanical stimulation induced
increases in the activation of calretinin-expressing DH
interneurons. These cells are primarily located in Laminae I
and II and are mostly (80-85%) excitatory, most receive
monosynaptic input from TRPV1" primary afferents, and
many synapse specifically with Lamina I spinoparabrachial
projection neurons (Smith et al., 2015, 2016; Petitjean et al.,
2019). Importantly, they are critical for the passage of me-
chanical nociceptive information along the spinoparabra-
chial pathway (Petitjean et al., 2019). We find at 35d (but
not 14d) after SCI that normally innocuous mechanical
stimulation caused activation of calretinin interneurons.
Given the LPB’s role in regulating aversive and affective
responses to pain, this finding has potential implications
for understanding SCI-induced anxiety and depression
(Petitjean et al.,, 2019). However, we did not observe
changes in LPB neuron activation with SCI. A subpopula-
tion of calretinin-expressing excitatory DH interneurons
synapse onto a small subpopulation of DH projection neu-
rons that project to the LPB. Our analysis was unable to
probe these two subpopulations specifically; therefore, the
observed increase in calretinin neuron activation may be
because of other subpopulations of calretinin-expressing
DH interneurons that are not presynaptic to LPB-innervat-
ing projection neurons. While changes in LPB activation
was explored as one possible consequence of altered calreti-
nin neuron activity in the DH, the LPB is not exclusively
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innervated by DH projection neurons under the control of
calretinin interneurons (and the LPB also receives inputs
from numerous neuronal populations besides those resid-
ing in the DH). Therefore, it is not necessarily surprising
that changes in DH calretinin interneuron activation were
not accompanied by changes in LPB neuron activation.
Future work focused on modulating spinal calretinin neu-
rons (e.g., chemogenetically or optogenetically) could help
shed further light on the contribution of calretinin " inter-
neurons to SCI-induced mechanical allodynia and to their
potential contribution to SCI-induced affectual changes
(Missig et al., 2017; Sun et al., 2020).

Anterolateral projection neurons form the primary output of
DH and are critical to the function of DH and pain circuitry as a
whole. They are responsible for carrying peripheral information
from DH to supraspinal pain processing nuclei. Understanding
how these neurons interact with the neural circuitry of DH and
how projection neuron signaling is altered by SCI is critical for
understanding the overall pain phenotype. By labeling the DH
for the projection neuron marker NKIR, we found that SCI
alone was insufficient to alter projection neuron activation.
Delivery of a previously innocuous mechanical stimulation, how-
ever, caused a robust increase in NK1R neuron activation in con-
tusion mice. This has important implications for defining the
mechanisms underlying NP-related behavior in this model.
While we have previously reported that mice injured with our
cervical contusion SCI paradigm exhibit pain-related behavior in
the absence of an external sensory stimulus using facial grimace
analysis (Heinsinger et al., 2020), there appeared to be no change
in activation of DH projection neurons post-SCI in the absence
of allodynic stimulation in the current study. This may suggest
that the DH is not involved in driving spontaneous pain behavior
post-SCI. It appears that peripheral stimulation is necessary for
the activation of DH projection neurons, and loss of input from
nNOS™ inhibitory neurons and/or increased input from PKCy
may be necessary for their activation in the context of mechani-
cal allodynia.

As below-level NP also is involved in SCI clinical out-
comes, we examined DH neuron activation changes in the
lumbar enlargement. Despite observing robust below-level
NP phenotypes in the ipsilateral hindpaw similar to those
seen in the forepaw (Brown et al., 2021), we previously
reported using this cervical contusion model that inflam-
matory responses involving microglia and macrophage
populations observed in cervical superficial DH do not
occur in the lumbar superficial DH (Brown et al., 2021). In
the present study, we have shown that neuronal activation
changes in the cervical DH are also not recapitulated in the
lumbar DH after cervical SCI. This may suggest that other
alterations, perhaps in supraspinal pain processing nuclei,
may play a larger role underlying both spontaneous and
below-level NP induced by SCI. We find robust SCI-
induced increases in thalamic neuron activation, which has
been shown previously via thalamic dysrhythmia to cause
persistent, spontaneous pain in patients with complex re-
gional pain syndrome (Walton et al., 2010). It could be that,
as just one possible mechanism, dysregulation of the thala-
mocortical pathway is driving SCI-induced pain behavioral
changes under certain conditions.

Given that we observed NP-related behaviors in both the
forepaw and hindpaw in this SCI model but did not find
increased numbers of FosTRAP2 reporter labeled neurons in the
lumbar DH, this raises the question of whether assessment of
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activated neurons in the cervical DH using this reporter mouse
tool is relevant to the behavior phenotype. In our previous study
using this same unilateral cervical contusion mouse model
(Watson et al., 2014), we examined levels of a related immediate-
early gene, deltaFosB, in neurons of the superficial DH ipsilateral
to the cervical contusion site. Similar to the FosTRAP2 reporter
in the current study, cervical SCI significantly increased numbers
of DH neurons expressing deltaFosB. By restoring expression of
the major glutamate transporter GLT1 in cervical DH astrocytes,
we were able to reverse already-established NP-related behaviors
in the ipsilateral forepaw of these cervical contusion mice.
Furthermore, this reversal of the sensory behavioral phenotype
was accompanied by a significant reduction in numbers of
deltaFosB-expressing cervical DH neurons back to the level
observed in control uninjured mice. These findings support the
notion that immediate-early gene expression in DH neurons is
highly correlated with NP-related behaviors in this cervical SCI
model.

We found that the Lamina I neuronal activation response at
35d in the thermal stimulation paradigm was not as robust as
with mechanical stimulation. This cervical contusion mouse
model shows consistent NP-related behavioral effects starting 7-
14 dpi and persisting for at least six weeks. However, mechanical
allodynia is the much more robust phenotype, which is one rea-
son why we chose to make it the main focus of this study. This
may in part explain the difference observed in the degree of the
DH neuron activation response between these two sensory stim-
ulations. In addition, it is likely that different circuit mechanisms
play a role in the development and persistence of thermal versus
mechanical hypersensitivity after SCI and other nervous system
insults. Along these lines, it is possible that alterations in DH
neuron signaling plays a large role in mechanical allodynia than
thermal hyperalgesia and that some other location(s) along the
pain signaling neuraxis plays a greater involvement in thermal
behavior.

While we observed increased activation in the overall popula-
tion of NK1IR" Lamina I neurons after SCI, we found decreased
activation specifically of the subpopulation of projection neurons
that innervate PAG. Furthermore, we also uncovered a SCI-
induced decrease in activation of neurons that reside in PAG.
Given the role of excitatory PAG projections to both DR and LC
in regulating the output of these modulatory nuclei (Heinricher
et al., 2009), we expected to also find decreased neuronal activa-
tion in these two brain locations following SCI, which our data
did not show. Changes in expression patterns of noradrenergic
and serotenergic receptors in DH have been implicated in driv-
ing pain behavioral changes following peripheral nerve injury
(Kwon et al., 2014). Therefore, while there was no change in the
activation of DR or LC neurons, the involvement of these sys-
tems in driving SCI-induced NP cannot be ruled out. Injury
induced morphologic changes in descending axons, changes in
innervation patterns and/or changes in receptor expression in
the DH (to name a few possibilities) may play some role in SCI-
induced NP. Future work should aim to determine the contribu-
tion, if any, that each of these plays in initiating and maintaining
chronic pain after SCI.

In virus-injected mice, we quantified FosTRAP2 reporter
expressing axons in the intact, contralateral ALT and found no
difference in GFP™ axon profile density between laminectomy-
only and SCI conditions, suggesting there were similar levels of
viral transduction of DH projection neurons in both groups.
However, quantifying total virus transduction in this experiment
presents a challenge, as there is no constitutive transduction
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reporter as part of our virus system. Instead, only those cells
which were transduced and then active at the time of tamoxifen
administration were able to be visualized with the GFP reporter.
While our GFP™ axon count data suggest equivalent levels of
DH projection neuron transduction across all animals, this ex-
perimental consideration should be taken into account when
drawing conclusions about the analysis of activated projection
neuron axons in Figure 10.

In conclusion, we have demonstrated that the FosTRAP2
reporter mouse is a powerful tool for studying neural cir-
cuitry in the context of pathologic pain. We used these mice
to show that SCI modulates the activation of a number of
important neuron populations in both the DH and brain. In
the DH, there are simultaneous SCI-induced increases in
activation of excitatory interneurons (both those that
express calretinin or PKCy) and decreases in activation of
inhibitory nNOS™ interneurons. In addition, SCI signifi-
cantly alters the activation of DH projection neurons
(including selectively in a specific subpopulation that
innervates the PAG), as well as neuron populations residing
in pain processing areas of the brain. These findings dem-
onstrate that SCI-induced changes across the pain process-
ing neuraxis are complex and diverse. Future work should
aim to understand how SCI drives these divergent changes
in activity, with a particular focus on specific subpopula-
tions of DH interneurons and also on PAG-mediated effects
such as descending modulation.
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