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Genetic evidence of the function of
Phox2a-expressing anterolateral system
neurons in the transmission of chronic pain

Xinying Zhang''?©, Magali Millecamps®, and Artur Kania'**>

Abstract

The development of the chronic neuropathic pain state often originates at the level of peripheral sensory neurons, whose
abnormal function elicits central sensitization and maladaptive plasticity in the nociceptive circuits of the spinal dorsal horn.
These changes eventually reach supraspinal areas bringing about cognitive and affective co-morbidities of chronic pain such as
anxiety and depression. This transmission presumably relies on the function of spinal projection neurons at the origin of the
anterolateral system (AS). However, the identity of these neurons and the extent of their functional contribution remain
unknown. Here, we asked these questions in the context of the mouse AS neurons that require the transcription factor Phox2a
for their normal target connectivity and function in transmitting acute nociceptive information to the brain. To this end, we
examined the effects of a spinal cord-specific loss of Phox2a (Phox2a““®) on the development of central sensitization evoked by
the spared nerve injury (SNI) model of chronic pain. We found that SNI-treated Phox2a““° mice developed normal reflexive
spinal responses such as mechanical allodynia evidenced by a decreased withdrawal threshold to von Frey filament stimulation
and dynamic brush. On the other hand, Phox2a®™® attenuated the development of cold but not mechanical hyperalgesia, in
behavioral paradigms that require the relay of nociceptive information to the brain. Furthermore, Phox2a““® attenuated anxio-
depressive-like behaviors evoked by SNI, measured by performance in the open field test and tail suspension test. Thus, Phox2a
AS neurons play a critical role in the generation and maintenance of chronic neuropathic pain.
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Introduction

The sensation of acute pain is required for avoidance of
harmful stimuli. Various conditions such as peripheral or
central injury hijack nociceptive circuits through activity-
driven plastic changes, resulting in the development of
chronic neuropathic pain (CNP). This maladaptive state is
characterised by the perception of innocuous stimuli as
noxious (allodynia) or enhanced sensitivity to noxious stimuli
(hyperalgesia), and is eventually coupled with comorbid
anxiety and depression, in humans and model animals.'
Many central sensitization mechanisms have been
proposed.®’ At the spinal cord level, loss of a local inhibitory
gate and central sprouting of sensory afferents drive allodynia
and hyperalgesia.®’ At supraspinal levels, long-term
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potentiation induces functional plasticity-related alterations
in brain regions linked to anxiety and depression, such as the
medial prefrontal cortex (mPFC), anterior cingulate cortex
(ACC), and nucleus accumbens (NAc).'*!" Malfunctions of
descending inhibitory and facilitatory controls may further
contribute to central sensitization at the spinal level.'*'?

Central sensitization at the supraspinal level follows its
appearance in the spinal cord suggesting that projection
neurons linking the spinal cord to the brain may be involved
in this transmission. In acute nociception, anterolateral sys-
tem (AS) neurons integrate spinal interneuron and sensory
afferent information and relay it through glutamatergic
projections to nociceptive brain regions such as the peri-
aqueductal gray, the parabrachial nucleus, and the medial,
posterior and lateral thalamus. These areas are gateways to
the mPFC, central amygdala, ACC, and somatosensory
cortex, where discriminatory and motivational/affective
components of pain are decoded.'*'® The evidence link-
ing human AS neurons to CNP is the relief of persistent pain
by lesioning their axons.'”*'® Animal models of CNP provide
evidence that AS neurons are subject to central sensitization
via synaptic plasticity: their activity increases as does the
probability of responding to innocuous stimuli.'® ' Abla-
tion of AS neurons via their neurokinin-1 receptor (NK-1R)
expression also imply their contribution to central sensi-
tization, however, this conclusion is confounded by the
fact that such manipulations also ablated many NK-1R-
expressing interneurons.”>** Our recent identification of the
developmentally-expressed transcription factor Phox2a as a
selective handle of a large population of AS neurons allows
their manipulation exclusive of interneurons. The spinal cord-
specific loss of Phox2a (Phox2a®®®) in mice results in im-
paired AS brain target innervation, and decreased supraspinal
responses to noxious stimuli but normal spinal-level noci-
fensive reflexes.”* These findings imply that Phox2a AS
neurons may relay persistent pain information between the
spinal cord and the brain, and their maladaptive recruitment in
CNP may evoke plastic changes in supraspinal regions linked
to anxiety or depression comorbidities.

Materials and methods

Mouse lines and the generation of Phox2a“<®

mutants and controls

Only adult male mice (6—17 weeks of age), maintained on a
mixed background of 129/Sv and C57BI/6 were used in this
study. Mice were kept on a 12-h light:12-h dark cycle (light
on from 6h00-18h00) with food and water provided ad /i-
bitum. All procedures were approved by the IRCM Animal
Care Committee, using regulations and guidelines provided
by the Canadian Council for Animal Care (CCAC).
Phox2a““° mice were generated as previously* by breeding
parents carrying two Phox2a’* (Phox2a’) alleles with
Hoxb8°"¢, Phox2a”" or Hoxb8"™, Phox2a””. Phox2a°%® mice

carried Hoxb8S"; Phox2a’”. Control mice were littermates that
bear either Hoxb8"¢, Phox2a"* or Phox2a”, as close as
possible to the ratio of 1:1. Phox24’ (RRID:IMSR_EM:
04,758) and Hoxb8“"® genotyping were as described
previously.”*

Spared nerve injury model

Adult mice (6-8 weeks of age), under anesthesia with iso-
flurane (Isoflurane USP CP0406V2, 4% for induction and 2%
for maintenance) with a mixture of 70% N,O and 30% O,
underwent spared nerve injury (SNI) or sham surgery. The
detailed procedure of SNI surgery has been previously
described.?>2° Briefly, under anesthesia, the tibial and
common peroneal nerves on the left side were tightly ligated
with 6-0 Sofsilk™ sutures (Coviien, S1172), and 2—-3 mm of
the nerves were severed between ligations, while the sural
nerve was left intact. Muscle and skin were closed in two
layers using the suture. For sham groups, mice received
surgery as described except that tibial and common peroneal
nerves were shortly exposed without manipulation. Mice
received 1 mg/kg buprenorphine for analgesia prior to sur-
gery and recovered for at least 15 min post-surgery in a heated
chamber before being returned to their home cage.

Mouse behavioral assays

All behavioral assays were conducted largely as in Roome
et al., 2020. X. Z. performed all behavioral assays except for
the dynamic brush, tail suspension and place avoidance task
that were conducted by M. M. Experimenters were always
blinded to experimental groups in all behavioral tests. Mice
from control and Phox2a“®© groups were littermates, no
mouse was housed alone, and only male mice were used.
Prior to every test, mice were habituated in a dedicated be-
havior test room for at least 30 min. For the von Frey test,
acetone test, and dynamic light brush test, mice were ha-
bituated in a small plexiglass chamber (4 x 2.2 X 2.5 cm) on a
mesh floor. For all the other assays, mice were habituated in
their home cages.

Algometric behavioral assays

For the paw withdrawal threshold (von Frey) test, each mouse
was placed in the plexiglass chamber on a mesh floor. The
von Frey filaments (0.008, 0.02, 0.04, 0.07,0.16, 0.4, 0.6, 1.0,
1.4 g; North Coast Medical, Cat#: NC12775-01 - NC12775-
10) were used to stimulate the hindpaw plantar surface of the
sural nerve territory. Mice were tested using an “up-down”
method of Dixon, as described previously.?**"-2*

For the Dynamic Brush (DB, dynamic tactile hypersen-
sitivity) test, animals were habituated to the testing room in
their home cage for 60 min and then were placed in individual
5 x5 x 10 cm cubicles on a wire mesh platform for an
additional 20 min before testing. Using short-handled
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paintbrushes with synthetic gold taklon bristles (Round tip,
size: #1), each animal was stimulated 10 times on each foot of
the sural nerve territory, in an alternating fashion with a 30-s
interval. A stimulation consisted of a slow and fluid move-
ment of the brush tip, gliding lightly from heel to toe. For each
stimulation, the intensity of reaction was recorded as follows:
0—No reaction, I—Normal withdraw (brief repositioning of
the foot withdraw), 2—Withdraw +1 or 2 mild flinching, 3—
Withdraw + intense flinching (>1 s), 4—Withdraw + licking.
Averaged intensity of reaction (average of the reaction in-
tensity for each withdrawal) was calculated for each foot and
each animal.

For the acetone test, each mouse was placed in a plexiglass
chamber (4 x 2.2 x 2.5 cm) on a mesh floor. A drop of acetone
extruded from the blunt end of a 5 mL syringe and carefully
applied to the plantar surface of the hind paw, without
touching the skin. Mice were recorded for 1 min following the
application. Such procedure was repeated 5 times, with an
inter-trial interval of 5 min. The total licking time as a sum of
5 trials was reported.”’

The Place Escape/Avoidance Paradigm assay (PEAP)*
was conducted as adapted for mice.”' The apparatus consisted
of a light/dark box apparatus (20 % 20 x 40 cm) positioned on
top of a mesh screen. The chamber was divided into 2 equal
compartments (one with black walls and one with white
ones), separated by a wall with a 7 x 7 cm opening. Animals
were placed into the white chamber and allowed to freely
move throughout the apparatus for the duration of a 30-min
test period. A 9.804 mN (filament 4.08, 1 g, Stoelting Co,
Catalog# 58,011) von Frey monofilament was applied to the
plantar surface of a hindpaw every 15 s. The left (ipsilateral
injured or sham) paw was stimulated in the black chamber,
and the right (contralateral undisturbed) paw in the white
chamber. This paradigm creates a conflict between the
aversive light compartment and aversive noxious mechanical
stimulation in the dark compartment. The percentage of time
mice spent in the light chamber was calculated for every
5 min of testing (for details, see LaBuda and Fuchs, 2000) and
was expressed as the animal’s preference. As the innate
preference of a mouse is for the dark environment, the time
spent in the light compartment is a measure of the aversion to
mechanical stimulation of the injured paw relative to aversion
to the light compartment.*'

Measurement of anxio-depression-like behaviors

As in a standard Open Field test,** an individual mouse was
placed in the center of an acrylic chamber (matt white, no
odors, 40 x 40 x 30 cm) with an overhead dim light. Mice
were recorded for 10 min with a camera (iPhone X, rear
camera) placed overhead. The chamber was cleaned between
each test. Videos were analyzed using autotyping™ for time
spent in the center region (20 x 20 cm) and movement trace in
MATLAB R2018a. Data was exported and sorted in Mi-
crosoft Excel.

For the Tail Suspension assay (TS),** mice were indi-
vidually suspended by the tail underneath a platform. Ad-
hesive tape was used to attach the tail at two points (0.5-1 cm
from the base and the tip of the tail) to the platform for 8 min.
The animal behavior was videorecorded and analyzed using
digital software (Anymaze®) to report the duration of time
spent in immobility (not moving but stretched out). Videos
were analyzed by minute for the entire test period by an
observer blinded to experimental condition. The duration of
immobility in the final 3 min (minute 5-8) was reported as
depression-like behavior.

Tissue fixation, freezing and sectioning

Mice were anesthetized with an intraperitoneal (i.p.) injection of
a Ketamine/Xylazine solution (10 mg/mL Ketamine, 1 mg/mL
Xylazine, in 0.9% saline), 10 mL/kg of body weight. Trans-
cardial perfusion was conducted at least 30 min post injection,
with the verification that mice reached surgical plane of anes-
thesia by confirming loss of pedal withdrawal (toe pinch) reflex.
Mice were perfused with 15 mL of ice-cold 0.9% NaCl solution
followed by 20 mL of ice cold 4% paraformaldehyde (PFA) in
Ix PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and
1.8 mM KH,PO,.; Fisher) using 25 mL syringes. Brains and
spinal cords were collected and post-fixed in 4% PFA in 1x PBS
on a gentle tilt shaker at 4°C overnight, followed by overnight
washing in 1x PBS, and then transferred to 30% sucrose for at
least 2 days until sink. Tissue was stored at —80°C until cry-
osectioning. Before sectioning, tissue was embedded in Tissue-
Tek O.C.T. Compound (Sakura, 4583) and cryosectioned at a
temperature between —20 and —23°C. Brain tissue was sec-
tioned at a thickness of 50 um and spinal cord tissue at a
thickness of 30 um for all experiments.

Immunohistochemistry

Tissue sections were stored at —80°C. Slides were first
warmed to room temperature for at least 15 min and washed 3
times with 1x PBS, 10 min each, and blocked in a blocking
solution (5% heat-inactivated horse serum (HIHS) and 0.1%
Triton X-100 in 1x PBS (0.1% tPBS)) for 30 min. Following
blocking, sections were incubated with primary antibody
solution overnight at 4°C. Primary antibody solutions were
prepared with Rabbit anti-Fos (Cell Signaling Technology,
Cat#: 2250S), Rabbit anti-Ibal (Abcam, Cat#: ab178846),
Mouse anti-NeuN (Millipore, Cat#: MAB377), diluted at 1:
1000 in 1% HIHS, 0.1% tPBS. For spinal cord section,
Isolectin GS-1B4 From Griffonia simplicifolia, Alexa Fluor™
488 Conjugate (Thermo Fisher Scientific, Cat#: 121411) was
incubated with primary antibodies, diluted at 1:500 in 1%
HIHS, 0.1% tPBS. On the following day, sections were
washed 3 times with 1x PBS, 10 min each, and were incu-
bated with secondary antibody solution at room temperature
for 2h. Secondary antibodies were prepared with Alexa
488 Donkey anti-Mouse (Cat#: 715-545-150), Cy3 Donkey
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anti-Mouse (Cat#: 715-165-150), Cy5 Donkey anti-Rabbit
(Cat#: 711-175-152), Cy5 Donkey anti-Guinea Pig (Cat#:
706-175-148), all from Jackson Immunoresearch Laborato-
ries, diluted at 1:500 in 1% HIHS, 0.1% tPBS. Following the
incubation, sections were washed 3 times with 1x PBS,
10 min each, and coverslipped using a Mowiol solution (10%
Mowiol, 25% glycerol; Sigma). Slides were allowed to dry
and stored in the dark at 4°C prior to imaging.

Quantification and statistical analysis

Fos and Ibal quantification. For baseline analysis, animals
were allowed to explore their home cages for 90 min, fol-
lowed by anesthesia with Ketamine/Xylazine (100 mg
Ketamine and 10 mg Xylazine in 10 mL saline, 0.1 mL per
10 g of body weight), followed by perfusion after 30 min. For
ice-water induced analysis, animals were first anesthetized
with Ketamine/Xylazine solution for 5 min. Subsequently the
hindpaw ipsilateral to the surgery site was immersed in 5 mL
of ice-water mixture for 1 min. The immersion was repeated 5
times with 1-min intertrial interval, and the animals were
perfused as above. Following immunohistochemical staining
(see above), micrographs of tissue sections were obtained
with confocal microscope (Leica SP8) with the same optical
and laser settings for all sections. Cell counts were performed
using the cell counter plugin in ImageJ software (author: Kurt
De Vos). Laminae of the spinal dorsal horn were defined with
reference to the IB4 staining (above being Lamina I) and were
adapted from Rexed,” 1952 with reference to Allen mouse
spinal cord P56 Adult Annotated Atlas. The subnuclei of the
parabrachial nucleus were delineated by cell and neuropile
morphologies as per the Allen Brain Mouse P56 Coronal
2011 reference atlas and the more recent molecular oncology
study.*® For Fos quantification, images were thresholded at
the same level as indicated in the legends. For Ibal quan-
tification, only star-shaped cells (activated form) were
counted. Data were exported and sorted in Microsoft Excel.
The sum of total cell numbers from 5 sections for spinal cord
and 3 sections for the brain per animal was reported.

Statistical analyses. All statistical analyses were performed
using Prism 9 (Graphpad Software). Statistical tests of non-
parametric and parametric unpaired t-test, paired t-test, and
Ordinary Two-way ANOVA followed by Tukey’s multiple
comparisons were used as specified in figure legends. Sig-
nificance is represented as . s.: non-significant (p > 0.05), *:
p <0.05, ¥*: p <0.01, ***: p <0.001, or ****: p <0.0001.

Results

Fos and Ibal expression in the spinal cord of
SNI-treated Phox2a™® mice

Damage to peripheral nerves induces maladaptive changes in
spinal and supraspinal nociceptive circuits. To determine the

role of Phox2a AS neurons in these effects, we combined
the Phox2a™®® genetic model of their loss of function with
the spared nerve injury (SNI) mouse model of neuropathic
pain.”> SNI induces a wide range of neuropathic effects that
include spinal allodynia, mechanical hyperalgesia, and re-
capitulates the anxio-depression comorbidities observed in
human patients.”>~’ We thus performed SNI or sham surgery
on adult Phox2a®® (Hoxb8"*; Phox2a”**/**) and control
(Phox2a”"* or Hoxb8"*) mice to ask if the loss of Phox2a
AS neurons impacted the emergence of molecular and be-
havioral maladaptive changes caused by SNI. All experi-
ments were performed with male animals since females do
not consistently model the full range of SNI-associated be-
havioral phenotypes found in males.***

We first verified whether Phox2a®®° mice exhibit mo-
lecular changes normally associated with SNI; in this model
of neuropathic pain, the dorsal horn of the spinal cord exhibits
increased expression of Fos, a protein associated with in-
creased neuronal activity.***! Another consequence of SNI is
increased microglial activity in the dorsal horn, evidenced by
the increased number of microglia expressing the activation
marker Ibal with star shape morphology.** We thus asked
whether similar effects were evident in Phox2a”™° mice
treated with SNI 4 weeks following SNI induction, on the
side ipsilateral (ipsi) and contralateral (contra) to the sur-
gery. Thus, we quantified Fos and Ibal expression in
Lamina I and Lamina V/lateral spinal nucleus (V/LSN), the
locations of many Phox2a AS neurons, and the total number
of Fos + or Ibal cells in these regions (Lamina®'? * PP),
First, we examined the number of Ibal expressing (Ibal+)
cells with star-like morphology (Figure 1(a) and (b)). In line
with previous reports, examination of Ibal + cells in control
mice (ctrl) revealed their significant increase on the ipsi-
lateral side of SNI animals, when compared to the contra-
lateral side (paired parametric t-test, ctrl SNI ipsi vs. contra,
Lamina I p = 0.0173, Lamina V/LSN p = 0.0223, Lami-
naS*? * PP 5, = 0.0106). Further analysis revealed elevated
numbers of Iba + cells on the ipsilateral side following SNI
treatment, when compared to sham treated control mice
(unpaired parametric t-test, ipsi ctrl sham vs. SNI, Lamina I
p=0.0138, Lamina V/LSN p = 0.0057, LaminaS®’ * PeeP
p=0.0012). While this effect was preserved in Phox2a®<®
mice treated with SNI compared to sham as total Iba + numbers
(unpaired parametric t-test, ipsi Phox2a®® sham vs. SNI,
Lamina I p = 0.0973, Lamina V/LSN p = 0.2075, Lami-
naS'P * PP 5, = (0.0177), there is no apparent effect when
comparing ipsilateral with contralateral in SNI-treated
Phox2a®° mice (paired parametric t-test, Phox2a™° SNI
ipsi vs. contra, Lamina I p =0.2123, Lamina V/LSN p =0.2593,
Lamina®® * PP p = 0.2134).

Next, in the same animals, we quantified Fos-expressing
(Fos+) neurons defined by NeuN expression (Figure 1(c) and
(d)). In line with previous observations, SNI treatment in-
creased the number of Fos + neurons in the ipsilateral Lamina
V/LSN and in total number of LaminaS® * PP when
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Figure |. Attenuation of SNI-induced Fos and Ibal expression in the spinal cord in Phox2a®™"~ mice. (a), Representative spinal cord dorsal horn
transverse sections of sham- or SNI53operated control (ctrl) or Phox2a™® animals. Star-shaped Ibal+ (magenta) cells not co-labelled with
NeuN (blue) were quantified as Iba | -expressing (Ibal +, white asterisk in zoomed view (a, b). Lamina | is defined as dorsal to the IB4 band (green) in
Lamina lli. Lam V/LSN were defined as per Rexed, 1952. (b), Quantification of Ibal + cells in Lamina |, Lamina V/LSN, or as a total (LaminaSup +
Deep) on the ipsilateral (ipsi) side or contralateral (contra) side to the operated side. Summation of Iba + cells of 5 sections with 30 um thickness

is reported. (c), Representative spinal cord dorsal horn transverse sections. Fos (magenta) colocalizing with NeuN (blue) were quantified as Fos-
expressing neurons (Fos+, white asterisk). Laminae defined as in (a) Scale bar same for all images, 100 pum. (d), Quantification and statistical analysis
of Fos + cells the same as in (b). In both experiments, n = 4 for control groups. = 3 for Phox2a™“® groups. Bars represent mean # SEM with
individual values as dots. Unpaired parametric t-test (solid line) for sham versus SNI within ctrl or Phox2a® group. Paired parametric t-test
(dotted line) for ipsi versus contra within SNI-treated ctrl or Phox2a*® group. Absence of comparison bars indicates a non-significant difference, *:
p < 0.05, * p < 0.0l or **: p < 0.00]. See Results for numerical data and statistical results. Scale bar same for all images is 100 um.
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compared to sham controls (unpaired parametric t-test, ipsi ctrl
sham vs. SNI, Lamina I p = 0.0707, Lamina V/LSN p = 0.0304,
Lamina®® * PP p = 0.0075,°"). We did not detect a sig-
nificant increase in Fos + cells in either location or in total
number in Phox2a®© mice with SNI treatment compared to
sham animals (unpaired parametric t-test, ipsi Phox2a sham
vs. SNI, Lamina I p = 0.2943, Lamina V/LSN p = 0.5555,
Lamina®® * PP p, = 0.3987). Together, these results suggest
that Phox2a AS loss of function impairs the induction of Fos and
Ibal expression in the spinal dorsal horn of SNI-treated mice.

One of the features of SNI-associated cold allodynia is that
the increased neuronal activity in the spinal dorsal horn can be
further augmented by exposure to cold stimuli.*> We asked
whether this effect can also be observed in Phox2a®® mice
using the cold-water immersion paradigm in which the sham
or SNI-subjected hindlimb was immersed in ice-water mix-
ture (0°C) for 1 min with 5 repeats, while under anesthesia
(Figure 2). This treatment resulted in increased number of
Fos + neurons on the side ipsilateral to the stimulus when
compared to the contralateral side of SNI treated control an-
imals (paired parametric t-test, ctrl SNI ipsi vs. contra, Lamina
I p=0.0669, Lamina V/LSN p = 0.0500, Lamina®"? " PP p =
0.0183). A similar increase was also observed in Phox2a®®
mice (paired parametric t-test, Phox2a”™® SNI ipsi vs. contra,
Lamina I p = 0.0162, Lamina V/LSN p = 0.0572, Lamina®*? *
Deep 1, = 0.0078). In addition, cold exposure resulted in more
Fos + neurons in ipsilateral Lamina I, V/LSN, and Lamina>"? *
Deep combined when compared to controls (unpaired para-
metric t-test, ipsi ctrl sham vs. SNI, Lamina I p = 0.0194,
Lamina V/LSN p = 0.0353, Lamina>"? * PP p = 0.0404).
However, in cold-exposed Phox2a®®© mice, when compared
to sham treated animals, SNI treated mice had an increased
number of Fos neurons in Lamina I, but not in V/LSN or when
expressed as Lamina®* PP (unpaired parametric t-test, ipsi
Phox2a°®© sham vs. SNI, Lamina I p = 0.0462, Lamina V/
LSN p = 0.1870, Lamina®*® * PP p, = 0.0564). Together, our
results demonstrate that Phox2a”™®® attenuated the induction of
Fos and Ibal expression changes normally induced by SNI,
with and without cold stimulation.

SNl-induction of Fos expression in the parabrachial
nucleus of Phox2a“° mice

SNI elevates Fos expression in multiple brain regions such as
the parabrachial nucleus (PBN), periaqueductal gray and an-
terior cingulate cortex.***' We therefore asked whether the
loss of AS neuron function caused by Phox2a®® may at-
tenuate these effects in the PBN since we previously dem-
onstrated that Phox2a®®° markedly reduces the number of
spinofugal afferent axons in the PBN. In particular, we in-
vestigated two subregions of the PBN — dorsal lateral PB
(PBdl) being innervated primarily by the Lamina I PNs, and
the internal lateral PB (PBil) innervated by the Lamina V/LSN
PNs whose connections are reduced in Phox2a®®©
mutants.”****> We first examined the number of Fos + neurons

in the PBN of mice exposed only to their home cage envi-
ronment (Figure 3(a) and (b)). In the PBdI, compared to sham
operated mice, SNI treatment induced Fos expression in both
control and Phox2a®® groups, predominantly on the con-
tralateral side (unpaired parametric t-test, PBdl, ctrl sham vs.
SNI, ipsi p = 0.0721, contra p = 0.0011, total p = 0.0061;
Phox2a™© sham vs. SNI, ipsi p = 0.0664, contra p = 0.0482,
total p = 0.0438). Similarly, in the PBil, SNI elevated the total
number of Fos-expressing neurons compared to sham treated
mice, in control and Phox2a®® groups (unpaired parametric t-
test, PBil, ctrl sham vs. SNI, total p = 0.0156; Phox2a°®© sham
vs. SN, ipsi total p = 0.0254). On the other hand, although the
number of contralateral Fos + cells in SNI-treated mice was
significantly elevated compared to sham operated animals in
control mice, this effect did not occur in Phox2a®® mice
(unpaired parametric t-test, PBil, ctrl sham vs. SNI, contra p =
0.0152; Phox2a”®® sham vs. SNI, contra p = 0.2943).

We also examined Fos expression in the PBN of control and
Phox2a®© mutants with SNI or sham, exposed to a cold
stimulus, as above (Figure 3(c) and (d)). SNI-operated groups
again showed significantly more Fos + neurons in the PBdI, both
in the control groups and the Phox2a™® groups (unpaired
parametric t-test, PBdI, ctrl sham vs. SNI, ipsi p = 0.0158, contra
p=0.01,016, total p = 0.0149; Phox2a"®° sham vs. SNI, ipsi p =
0.0808, contra p =0.0257, total p = 0.0417). However, we failed
to observe any significant differences in the PBil between sham
and SNI-operated groups either in control or Phox2a®© mice
(unpaired parametric t-test, PBil, ctrl sham vs. SNI, ipsi p =
0.8933, contrap = 0.1575, total p = 0.3285; Phox2a°“° sham vs.
SN, ipsi p = 0.4918, contra p = 0.2794, total p = 0.1242).
Together, these analyses imply that the SNI-evoked Fos ex-
pression activation in the PBN is largely unaffected in
Phox2a°*° mutants.

Spared nerve injury-induced mechanical allodynia in
Phox2a™® mice

We then turned to a behavioral analysis of Phox2a®"" mice
with SNI by first examining the development of allodynia
manifested by nocifensive paw withdrawal in response to
application of von Frey (vF) filaments.>® These are mostly
reflexive responses elicited by spinal cord nocifensive cir-
cuits; however, because of the limited impact of Phox2a%®
on spinal circuits function, we hypothesized that Phox2a
would not affect the development of SNI-associated allo-
dynia. Indeed, both SNI-operated Phox2a®®® and control
mice showed decreased withdraw threshold compared to
sham-operated controls in the vF assays (Figure 4(a) left,
Ordinary Two-way ANOVA, Tukey’s multiple comparison,
and same for the subsequent statistics in Figure 4, ctrl sham
vs. SNI and Phox2a”®© sham vs. SNI p <0.0001). There was
no difference between the SNI-operated groups or between
the sham-operated control and Phox2a”®® groups (sham ctrl
vs. Phox2a®™®© p = 0.9977; SNI ctrl vs. Phox2a’*° p =
0.9934). Another allodynic effect of SNI is revealed by the
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Figure 2. Attenuated ice-water induced Fos expression in SNI-treated Phox2a
animals 2 h post ice-water stimulation on the ipsilateral to the operation side. Fos

sham- or SNl-operated control (ctrl) or Phox2a™®

mice. (a), Representative spinal cord dorsal horn images of

(magenta) colocalizing with NeuN (blue) were quantified as Fos-expressing (Fos+). (b), Quantification and statistical analysis of Fos + cells.
Summation of Fos + cells of 5 sections with 30 um thickness is reported. Bars represent mean + SEM with individual values as dots. Unpaired

parametric t-test (solid line) for sham versus SNI within ctrl or Phox2a™

within SNI-treated ctrl or Phox2a®

© group. Paired parametric t-test (dotted line) for ipsi versus contra
group. Absence of comparison bars indicates a non-significant difference, *: p < 0.05, **: p < 0.01 or ***:

p < 0.001. n = 3 for all groups. See Results for numerical data and statistical results. Scale bar same for all images is 100 pm.

dynamic brush (DB) test in which the hindpaw on the
operated side is stimulated by repeated gentle brushing.*®
Compared to sham-operated animals, SNI mice exhibited a
significantly lower withdrawal threshold (Figure 4(a) right,
ctrl sham vs. SNI p =0.0078). SNI also induced allodynia in
Phox2a°®© mice, when compared to sham-operated mice
(Phox2a°®© sham vs. SNI p = 0.0048). And similar to the vF
results, there was no difference between the control and
Phox2a°? groups received either treatment (sham ctrl vs.
Phox2a”®© p =0.7015; SNI ctrl vs. Phox2a°® p = 0.7265).

Together, these results demonstrate that Phox2a°“° model

of Phox2a AS neuron loss of function does not impair the
induction of spinal-level allodynia by SNI.

Reduced SNl-induced cold but not mechanical
hyperalgesia in Phox2a™® mice
One of the hallmarks of the SNI model of neuropathic pain is

the development of hypersensitivity to cold stimuli, man-
ifested by increased licking evoked by acetone or menthol
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Figure 3. SNI-induction of Fos expression in the PBil of Phox2a®™® and control mice. (a), Quantification and statistical analysis of Fos + cells

in the PBN dorsal lateral (PBdl) and internal lateral (PBil) subnucleus, on the ipsilateral and contralateral side to the surgery, or as combined
(total). Summary of 3 sections of 50 um thickness is reported. n = 4 for control groups, and n = 3 for Phox2a®“® groups. Unpaired parametric
t-test for sham versus SNI within ctrl or Phox2a“® group. (b), Representative coronal section of the PBN of sham- or SNI-operated control
(ctrl) or Phox2a®™“® animals. Fos (red) signal co-localizing with NeuN (blue) was quantified as Fos-expressing neurons (Fos+). (c,d), Same as
(a,b) except that mice received ice-water stimulus to induce Fos expression. Bars represent mean + SEM with individual values as dots.
Unpaired parametric t-test (black line) for sham versus SNI within control or Phox2a®® groups. Paired 572 parametric t-test (brown line) for
ipsi versus contra within SNI-treated control or Phox2a“ group. n = 3 for all groups. Absence of comparison bars indicates a non-
significant difference, *: p < 0.05, **: p < 0.01 or ***: p < 0.001. See Results for numerical data and statistical results. Scale bar same for all

images is 100 pum.

applied to the limb.?>~” Since this behavior is a nocifensive
response requiring the relay of sensory information from
the spinal cord to supraspinal structures, we reasoned that
the reduced spinofugal connectivity in Phox2a°®® mice
might limit the magnitude of SNI-induced allodynic re-
sponse. We thus applied acetone to the ipsilateral hindlimb
of SNI or sham surgery adult Phox2a®° and control mice
and scored the total time spent licking the application site
of 5 trials (Figure 4(b) left). Control SNI-operated mice
showed significantly more paw licking following the ap-
plication of acetone compared to sham-operated mice (ctrl
sham vs. SNI p = 0.0024). In line with previously reported
acetone test deficiency in Phox2a”®© mice, we observed
reduced licking time in sham-operated Phox2a°®® mice
compared to sham-operated controls, (sham ctrl vs.
Phox2a®®® p =0.0024;).>* However, in the Phox2a°*® SNI

and sham mice, no significant licking time difference was
observed between sham- and SNI-operated groups
(Phox2a®® sham vs. SNI p = 0.4167; SNI ctrl vs.
Phox2a®®® p = 0.0467, genotype effect p = 0.0116),
suggesting that the allodynic response to cold was atten-
uated by the loss of Phox2a AS function.

Next, we asked whether the hyperalgesia to a mechanical
stimulus commonly observed in SNI mice would also be
impaired by a loss of Phox2a AS neuron function (Figure 4(b)
right). To test this, we used the place escape/avoidance
paradigm (PEAP) that assesses the extent to which nox-
ious mechanical stimuli activate neuronal circuits concerned
with affect and motivation.*® This paradigm takes advantage
of the innate preference of mice for a dark chamber over a
bright one. Mice that perceive the mechanical stimulus of
9.804 mN (vF filament 4.08, 1 g) as noxious in a black
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Figure 4. Phox2a™°

mice develop spinal-level mechanical allodynia but their supraspinal licking response to cold allodynia is reduced. (a),

Spinal-reflexive mechanical allodynic. 579 behavioral tests in control and Phox2a®“® mice with sham or SNI treatment. Von Frey (vF)
showing withdrawal thresholds to von Frey hairs in sham- (n = 7 ctrl; n = 6 Phox2a®“) and SNI-operated (n = 8 ctrl and Phox2a™“°) mice,
average of 3 trials on the hindpaw ipsilateral to the operated side. Dynamic brush (DB) showing response sensitivity to a paintbrush in sham-
(n = 7 ctrl and Phox2a“*®) and SNI-operated (n = 7 ctrl; n = 8 Phox2a™°) mice, average of 10 repeats on the hindpaw ipsilateral to the
operated side. Lines represent mean + SEM with individual values as dots. (b), Supraspinal responses to cold allodynia (acetone) and
mechanical allodynia (PEAP). Acetone test showing the summation of licking duration after acetone application in 5 trials in sham- (n = |5 ctrl; n
= 11 Phox2a™®) and SNl-operated (n = I5 ctrl; n = 10 Phox2a™°) mice. PEAP test showing sham- (n = 8 ctrl; n = 5 Phox2a®“°) and SNI-
operated (n = 7 ctrl and Phox2a““®) mice spending in the white chamber of the total 30-min test. Bars represent mean + SEM with individual
values as dots. Ordinary Two-way ANOVA with Tukey’s multiple comparisons. n. s.: non-significant, *: p < 0.05, **: p < 0.0 or ***: p <0.001,
or *¥: p < 0.0001. See Results for numerical data and statistical results.

chamber and no stimulus in a white chamber, spend more
time in the white chamber indicating an avoidance of a
noxious stimulus. This paradigm has been adapted to take
advantage of the SNI-induced allodynia in which a

stimulation with a normally innocuous thin vF filament is
perceived as noxious (Figure 4(a)). In line with previous
studies,’™' we observed that SNI-operated control
mice preferentially chose the white chamber (ctrl sham vs.
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Figure 5. Impaired Phox2a AS neuron function attenuates SNI-induced anxio-depressive like behavior. (a), Open field test (OFT) showing

time spent in the center region of the open chamber in sham- (n = || ctrl; n = 10 Phox2a

€©) and SNl-operated (n = 9 ctrl; n = 11

Phox2a®“?) mice during a |5-min test. (b), Tail suspension (TS) showing the total time mice were immobile during last 3 min (minute 5 to
minute 8) of an 8-min test. Bars represent mean * SEM with individual values as dots. Ordinary Two-way ANOVA with Tukey’s multiple
comparisons. n. s.: non-significant, *: p < 0.05, **: p < 0.01, ¥ p < 0.001, or *¥**: p < 0.0001. See Results for numerical data and statistical

results.

SNI p = 0.0071). Similarly, the difference in time spent in
white chamber SNI-operated Phox2a®® mice to sham-
operated ones was statistically significant (Phox2a®®
sham vs. SNIp=0.0461; SNI ctrl vs. Phox2a“® p=0.9111).
Thus, Phox2a®©-mediated loss of Phox2a AS function
impairs the supraspinal nocifensive responses to SNI-induced
cold allodynia, but the PEAP response to mechanical allo-
dynia. This implies that supraspinal projections of Phox2a AS
neurons are important for the transfer of some of the SNI-
induced maladaptive changes from the spinal cord to su-
praspinal nociceptive centers.

Attenuation of SNI-associated anxio-depressive-like
behaviors by Phox2a AS loss of function

Modeling the depression and anxiety comorbidities that are
common in chronic pain patients, SNI increases the frequency of
anxio-depressive-like behaviors in male rodents, 2 weeks fol-
lowing the development of spinal-level allodynia.’~* The im-
plied transfer of maladaptive plasticity from the spinal cord to
the brain is presumably mediated by spinal projection neurons.*’
Thus, we asked whether the normal function of Phox2a AS
neurons was required for the increased occurrence of anxio-
depressive-like behaviors caused by SNI in rodents. One of
these is the increased avoidance of the center of the open field
test (OFT) arena and more time spent near the walls surrounding
the arena, which is interpreted as anxiety-like increased aversion
to brightly lit open spaces™*® Consistent with these studies, we
observed that control SNI-operated mice spent significantly less
time exploring the center of the OFT arena compared to sham-
operated control mice (Figure 5(a), Ordinary Two-way

ANOVA, Tukey’s multiple comparison, and same for the
subsequent statistics in Figure 5, ctrl sham vs. SNI p = 0.0176).
In contrast, the time spent in the center of the OF T arena by SNI-
operated Phox2a®®© and sham-operated Phox2a™“ mice did
not differ (Phox2a®° sham vs. SNI p = 0.6039), although not
significantly lower from the SNI-operated control group (SNI
ctrl vs. Phox2a™© p = 0.3326). Moreover, the time spent in the
center of the OF T arena by sham-treated control and Phox2a™°
mice was not significantly different (sham ctrl vs. Phox2a™©
p = 0.9969), suggesting that Phox2a™° does not result in an
increased propensity to explore or decreased baseline anxiety-
like behaviors.

To address the impact of Phox2a®>" on the development
of depressive-like behaviors caused by SNI, we used the tail
suspension (TS) task (Figure 5(b)) in which mice are sus-
pended by their tail and the time that they remain immobile is
an indication of their loss of drive to right themselves.** SNI-
treated male rodents exhibit significantly more TS task im-
mobile time compared to sham treated animals, which has
been interpreted as decreased motivation associated with a
depression-like state.*® Thus, in control groups, SNI-operated
mice showed increased immobility compared to sham-
operated males (ctrl sham vs. SNI p = 0.0269). On the
contrary, in the Phox2a°© groups, SNI-operated mice do not
show significant increase in immobility time in comparison to
the sham operated group (Phox2a°®® sham vs. SNI p =
0.7247), although not significantly lower than the SNI-
operated control group (SNI ctrl vs. Phox2a© p =
0.5804). Together, these behavioral experiments suggest that
impaired Phox2a AS neuron function attenuates the devel-
opment of SNI-induced anxio-depressive-like comorbidities.

cKO
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Discussion

Previously, we demonstrated that the developmental ex-
pression of Phox2a identifies a major subpopulation of the
AS, and its loss of function in Phox2a®® mice impairs acute
nocifensive responses requiring the relay of nociceptive in-
formation to the brain.** Here we demonstrate that Phox2a
AS neurons also participate in the development of malad-
aptive plastic changes associated with the SNI neuropathic
pain model. Their normal function is required for supraspinal
nocifensive responses evoked by allodynic and hyperalgesic
stimuli, and the development of anxio-depression-related
behaviors. Here, we discuss the extent to which Phox2a
AS neurons may participate in central sensitization, at the
level of spinal circuits or through supraspinal transmission of
maladaptive plasticity, and the possibility that cold and
mechanical allodynia recruit divergent ascending pathways.

Phox2a AS neurons function in the development of
spinal maladaptive plastic changes

Previous AS neuron loss-of-function studies in the context of
CNP took advantage of their NK1R expression. However,
since NKIR is widely expressed by many spinal interneu-
rons, the resulting manipulation disrupts the function of local
spinal circuits that underlie reflexive withdraw responses, as
well as the function of AS neurons in the transmission of
nociceptive information from the spinal cord to the brain.****
Here we used the Phox2a°%® model, where the loss of Phox2a
impairs the molecular specification of Phox2a AS neurons in
Lamina I, V and the LSN, without any evidence of perturbed
development of spinal interneurons. Moreover, while the
spinoparabrachial connections of Lamina I AS neurons are
relatively spared in Phox2a®®© mice, those of Lamina V and
the LSN AS neurons are disrupted. This is commensurate
with the normal reflexive withdrawal in response to me-
chanical and thermal stimuli but disrupted supraspinal-driven
behaviors in Phox2a°“© mice.?* The present data show that in
Phox2a°®© mice local spinal circuit function is also preserved
under neuropathic pain conditions and argue against a broad
impact of a developmental loss of Phox2a beyond AS neu-
rons themselves. An alternative interpretation is that if
Phox2a AS neurons participate extensively in the develop-
ment of spinal-level maladaptive responses to SNI, for ex-
ample by regulating interneuron activity, this effect does not
require Phox2a expression during development and would
imply a very focussed function of the Phox2a transcription
factor. Phox2a”™® mice have a normal induction of me-
chanical allodynia by SNI, suggesting that the normal
function of Phox2a AS neurons is not required for the de-
velopment of maladaptive changes within spinal circuits. We
interpret the Fos expression in baseline and cold treatment
experiments in the context of the behavioral observations:
some metrics reveal that the loss of Phox2a attenuates the
number of spinal neurons increasing their Fos expression in

response to SNI. Although we cannot assess the number of
Phox2a AS neurons activating Fos expression since Phox2a
is no longer expressed in the adult spinal cord, previous work
suggests that few AS activate Fos expression in response to
noxious stimuli.*® Thus, the decreased number of Fos-
expressing neurons following SNI likely results from the
impairment of Phox2a AS neuron functional integration into
local neuronal networks, which would impede the SNI-evoked
recruitment of spinal interneurons pre- or post-synaptic to AS
neurons. However, in the context of SNI-induced activation of
microglia, Phox2a®© did not markedly attenuate their in-
duction of Ibal compared to sham treatment. This coincides
with the previous report that Phox2a AS neurons are not
surrounded by perineural nets that interact with microglia to
promote the development of plastic changes in chronic pain.*’

Phox2a AS participate in the transmission of chronic
pain effects from spinal cord to brain and the
development of anxio-depressive-like behaviors

Phox2a AS neurons relay acute nociceptive information from
the spinal cord to the brain.?* Our data suggest that they are
also required for the analogous transmission in a chronic pain
model. The evidence for this is twofold: (1) behaviorally
maladaptive sensitization and allodynia develop normally at
the level of the spinal cord in Phox2a®®° mice post-SNI
induction, (2) increased licking in response to acetone and
anxiety- and depressive-like behaviors induced by the SNI do
not develop to their normal extent in mice with impaired
Phox2a AS neuron function. Our behavioral analyses do not
assess spontaneous pain induced by SNI by measuring weight
bearing, paw grooming or analgesic consumption. However,
our analyses do reveal that spinal-level hypersensitivity and
allodynia develop normally in Phox2a®™® mice, but their
supraspinal relay is impaired. The idea that central sensiti-
zation at the level of spinal networks eventually leads to the
central sensitization of its supraspinal targets is not new and
studies in different models of CNP have demonstrated that
second-order nociceptive spinal neurons, including inter-
neuron and AS neurons with direct or indirect connections to
brain regions, are subject to central sensitization.*” The
present experiments are the first manipulation restricted to
spinal projection neurons that allows to tease away the
contribution to central sensitization of AS neurons from that
of interneurons. Our experiments argue that a molecularly-
defined population of AS neurons, namely that expressing
Phox2a in the developing spinal cord, plays an important role
in the transmission of central sensitization, and imply that
Phox2a AS neurons themselves are subject to maladaptive
plasticity under neuropathic pain conditions. Our data also
raise the question of the function in the transmission of
chronic pain of other AS neuron populations such as those
expressing Gpr83 or Tacrl mRNA.>*>" Given the estimates
that Phox2a neurons comprise half of all AS neurons in
Lamina I’ and a third of those in Lamina V/LSN,** the
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observed behavioral effects suggest that Phox2a AS neurons
make a significant contribution to supraspinal transmission of
pain chronicisation.

There are at least two complementary concepts related to
the transmission of central sensitization by AS neurons: one is
that it favors a particular ascending pathway to a supraspinal
“hub”, connected to different centers mediating CNP effects
on emotion and motivation. Alternatively, there are several
parallel pathways to these brain regions obviating the re-
quirement for a hub.>> Which model is consistent with the
effects that we observe in Phox2a®° mice? Concomitant
with the attenuated anxiety- and depressive-like behaviors in
Phox2a®® mice was an SNI-associated Fos induction in the
parabrachial nucleus, one of the principal supraspinal targets of
Phox2a AS neurons. The magnitude of this change was similar
between controls and Phox2a™® mice and is somewhat sur-
prising given that Phox2a°“© mice exhibit a strong decrease of
Lamina V/LSN spinoparabrachial connections. Thus, the
Phox2a°®° model uncouples Fos induction in the PB from the
development of anxio-depressive behaviors. It would argue
against the idea that SNI is predominantly sensitizing a PBN
hub, which then promotes anxio-depressive-like behaviors
through other brain regions connected to it.

Cold and mechanical allodynia may take divergent
pathways in CNP

Interestingly, we observed a possible discrepancy between
mechanical and cold sensitization induced by SNI. Although
Phox2a®® mice had reduced supraspinal licking responses in
the acetone test in SNI-treated mice, the response to me-
chanical stimulus of SNI-treated Phox2a®® mice in the
PEAP test was not significantly attenutated in Phox2a®®
mice. This could be explained by two possibilities. The first
one is that thermal hypersensitivity and mechanical allodynia
induction by SNI occur through distinct spinofugal pathways,
with the former being disrupted by Phox2a®®© while the latter
being minimally affected by Phox2a®*©.>*>> This raises the
question of whether molecularly-distinct AS neuron pop-
ulations are devoted to specific pain modalities or whether
neuronal population coding supersedes molecular differ-
ences.”' Mechanical allodynia may involve the AP - low
threshold mechanoreceptor - dorsal column nuclei pathway,
but the role of this pathway in cold allodynia has not been
demonstrated.’®>’

Alternatively, the differential effect of Phox2a”™®® on
thermal versus mechanical sensation could also reflect a
diversity of brain regions that evoke the different coping
behaviors. Although both cold-evoked licking and avoid-
ance of a chamber with a mechanical stimulus are driven by
the affective-motivational dimension of nociception, the
former may primarily rely on the recruitment of motor
control and limb-mouth coordination circuits, while PEAP
avoidance could engage prefrontal cortex decision making
circuits.”®

Summing up, our genetic manipulation strongly argues
that Phox2a AS neurons play an important role in transmitting
chronic pain-associated maladaptive plasticity from the spinal
cord to the brain, which drives the development of anxio-
depressive comorbidities. Certainly, our study bears the
standard caveats associated with developmental loss of
function, but it is the first approach to specifically test the role
of AS neurons in chronic pain, without directly interfering
with spinal interneuron function. Given that a disruption of
AS axons provides at least temporary relief from intractable
chronic pain in humans, a reversible and molecularly-precise
inactivation of human Phox2a AS neurons could be a more
refined therapeutic avenue.
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