
Basic Science

Brief Report

Inflammatory-induced spinal dorsal horn neurons
hyperexcitability is mediated by P2X4 receptors
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Abstract
Introduction: Purinergic ionotropic P2X receptors (P2RX) are involved in normal and pathological pain transmission. Among them,
P2X4 are expressed in dorsal root ganglion and in the spinal cord. Their activation during nerve injury or chronic peripheral
inflammation modifies pain sensitivity that leads to the phenomenon of allodynia and hyperalgesia.
Objectives:We study here, in vivo, the role of P2X4 on the excitability of dorsal horn neurons (DHNs) in naive or pathological context.
Methods:We recorded DHNs in vivo in anesthetized wild-type or P2RX42/2mice.Wemeasured nociceptive integration and short-
term sensitization by DHNs both in naive and inflamed mice.
Results: Our results indicate that P2X4 alter neuronal excitability only in the pathological context of peripheral inflammation.
Consequently, excitability of DHNs from inflamed P2RX42/2 mice remains similar to naive animals.
Conclusion: These results confirm the prominent role of P2X4 in inflammatory pain context and demonstrate that P2X4 are also
involved in the hyperexcitability of DHNs.
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1. Introduction

The dorsal horn of the spinal cord represents the first relay of pain
transmission in the central nervous system. Peripheral afferent fibers
contactdifferentpopulationsofdorsal hornneurons (DHNs) that in turn
activate projection neurons.11 It has been demonstrated that changes
of network activity in the dorsal horn of the spinal cordmay explain the
increase of pain behavior in pathological pain models.9 Purinergic
signaling is involved in pain transmission, and P2X4 receptors (P2X4)
are key players in the induction of chronic pain.12 Indeed, afferent
nerve lesions induceactivationofmicroglial P2X4 in superficial layersof
the spinal cord leading to the modification of DHN excitability.1,2

Peripheral P2X4, expressed in macrophages and sensory neurons,

are also involved in mechanical hypersensitivity in acute and chronic
peripheral inflammation.5–7,14,15 However, the contribution of P2X4 to
neuronal excitability in the spinal cord in naive or inflamed animals has
not been yet investigated in vivo. In this study, we performed in vivo
extracellular recordings in anesthetized mice to evaluate dorsal horn
wide dynamic range (DH WDR) neuron excitability 24 hours after
peripheral inflammation induced by Complete Freund Adjuvant (CFA)
injection in wild-type (WT) and P2RX42/2mice.

2. Methods

2.1. Animals

Male mice, 6 to 12 weeks old, were maintained under a standard
12-hour light/dark cyclewith food andwater available ad libitum. All
experiments followed European Union (Council directive 86/
609EEC) and institutional guidelines for laboratory animal care.
Institutional license for hosting animalswas approved by the French
Ministry of Agriculture (APAFIS#3751-2016030711446220 v2).

Mice were backcrossed for at least 20 generations and then
maintained as separate P2X4 knockout (P2RX42/2) andWT lines as
described in Ref. 10.We defined 32mice in this study separated in 4
different groups: 8 WT, 8 WT CFA, 8 P2RX42/2, and 8 P2RX42/2

CFA. According to Charan and Kantharia, this gives us an E value
of 28, which is considered suitable for statistical analysis.3 We
recorded a total of 76 DHWDR neurons (15 inWT, 15 in P2RX42/2,
27 in WT CFA, and 19 in P2RX42/2 CFA).

2.2. Induction of peripheral inflammation

Mice were subcutaneously injected with 10 mL of CFA (Sigma-
Aldrich, Saint-Quentin Fallavier, France) in the dorsal part of the left
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hind paw. The efficiency of inflammationwas assessed bymeasuring
the edema 24 hours after injection and just before electrophysiolog-
ical recordings. A picture of the paw was taken under graph paper,
and the surface of the edema was measured with ImageJ software.

2.3. In vivo electrophysiology

Mice were first anesthetized with isoflurane (3% induction and 1.5%
maintenance) and placed on a stereotaxic frame (Unimécanique,
Asnières, France). A laminectomy was performed on lumbar
vertebrae T13 to L1, and segments L4 to L5 of the spinal cord
were exposed. Extracellular recordings of DHWDRweremade with

borosilicate glass capillaries (2 MV, filled with NaCl 684 mM)
(Harvard Apparatus, Cambridge, MA). The criterion for the selection
of a neuron was the presence of a A-fiber-evoked response (0–80
ms) followed by aC-fiber-evoked response (80–300ms) to electrical
stimulationof the ipsilateral pawwithbipolar electrodesconnected to
a stimulator and placed in the center of the DH WDR (see
Poststimulus Histogram, Fig. 1). The threshold for C-fiber-evoked
response was first evaluated. Then, the intensity response (IR) curve
was performed by progressively increasing the intensity of electrical
stimulation of the sciatic nerve (1–4 mA). Wind-up was elicited with
a train of 15 stimuli (1-Hz frequency), 3-fold over the threshold for the
C fiber. We recorded at least one neuron per animal.

Figure 1. P2X4 do not change dorsal horn wide dynamic range (DHWDR) neurons excitability. (A) Representative dorsal horn neuron (DHN) response to nociceptive
inputs. (A1) Poststimulus histogram and raster plot of DH WDR neurons. (A2) Response of DH WDR neurons to 1-mA stimulation of the paw. (A3) Response of DH
WDR neurons to 4-mA stimulation of the paw. (B) Threshold for the C-fiber response of WDR neurons is similar in WT and P2RX42/2mice (1.126 0.17 and 0.936
0.17, n512and15, respectively,P50.28). (C) Intensity response curve is not changed inP2RX42/2miceas compared toWT (n511and10, respectively,P5 0.75).
(D) Exampleof progressive increase inWDRdischarge showing up awind-upof the discharge. Note that number of spikeC is higher after 14 stimulations as compared
to the first stimulation. (E) Wind-up is lowered in P2RX42/2 as compared to WT mice (n5 10 and 10, respectively, P , 0.001). WT, wild-type.
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2.4. Statistical analysis

Results are expressed as mean6 SEM. The C-fiber threshold for
each experimental group was compared using nonparametric
Mann–Whitney test. Intensity response curves were analyzed
using 2-way analysis of variance (ANOVA) followed by a Bonfer-
roni post-test. Wind-up curves were analyzed using 2-way
ANOVA. Comparison of edema wasmade using a 1-way ANOVA
followed by a Bonferroni post-test. A P value , 0.05 was
considered as significant.

3. Results

Peripheral electrical stimulation of the center of the receptive field
of DH WDR elicits the response from fast (within the first 50 ms)
nonnociceptive A fibers and slow (around 150 ms) nociceptive C
fibers (Fig. 1A1–A3). We measured the threshold for the
appearance of the C-fiber response, the IR curve, ie, the mean
number of C spikes induced by peripheral electrical stimulations
in both WT and P2RX42/2 mice (Fig. 1B–C). We observed no
difference in the C-fiber threshold between WT and P2RX42/2

mice (Fig. 1B). The IR was not altered by the knockout of P2X4
(Fig. 1C). Dorsal horn WDR can generate a form of short-term
sensitization called wind-up: progressive neuronal discharge in
response to repetitive stimulations of the same intensity and at
low frequency (Fig. 1D). We evaluated the proportion of DHWDR
expressing wind-up, and we found no difference between WT
and P2RX42/2 mice (10/15 and 10/17, respectively). The
amplitude of wind-up was significantly different in WT and
P2RX42/2 mice (Fig. 1E).

To determine whether P2X4 are involved in DH WDR
excitability in the context of pathological pain, we performed the
same analyses on WT and P2RX42/2 mice 24 hours after the
plantar injection of CFA. We first evaluated the level of
inflammation by measuring the surface of the injected paw
(Fig. 2A–B). Twenty-four hours after the injection of CFA, the
plantar surface of the injected paw significantly increased in both
WT and P2RX42/2 mice (Fig. 2B). Next, we evaluated the
excitability of DHNs after inflammation in both wild-type and
P2RX42/2 mice and compared the results with the naive
conditions. We observed that CFA significantly decreased the

Figure 2.P2X4 is involved inComplete FreundAdjuvant (CFA)–inducedhyperexcitability ofWDRneurons. (A) Injection ofCFA inducesanedema in the injectedpaw24
hours after injection. (B) Surface of the injected paw is significantly bigger than the contralateral noninjected paw (79.776 2.75 mm2 contralateral vs 104 6 4 mm2

ipsilateral, n5 8,P, 0.001 forWTCFA; 81.36 3.4mm2 ipsilateral 111.36 5.9mm2 contralateral for P2RX42/2CFA, n5 8,P, 0.001). No difference is observed in
the level of the edema betweenWT and P2RX42/2mice. (C) Threshold for the C-fiber response ofWDR neurons is significantly decreased inWTmice comparedwith
P2RX42/2 (0.496 0.07 [WT] and 16 0.2 [P2RX42/2], n5 21 and 19, respectively,P5 0.02). (D) Intensity response curve is significantly lower in P2RX42/2mice (P,
0.001). From 1 to 4 mA, mean number of C spike are significantly smaller in P2RX42/2 than inWTmice (Bonferroni post-test, *P, 0.05, **P, 0.01). (E) Amplitude of
wind-up is decreased in P2RX42/2 mice as compared to WT mice (n5 10 and 11, respectively, P , 0.001). WT, wild-type.
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threshold for C fibers (P5 0.0012, not shown). Dorsal horn WDR
from P2RX42/2 mice presents a significantly higher threshold for
C fibers when compared with WT mice after CFA injection
(Fig. 2C) that remained similar to naive P2RX42/2 (P5 0.61, not
shown). Similarly, the IR curve is also significantly different
between WT CFA and P2RX42/2 CFA mice (Fig. 2D). We then
measured the amplitude of the wind-up in inflammatory
condition. Although the same proportion of DH WDR expresses
wind-up in both WT CFA and P2RX42/2 CFA mice (11/20 and
10/16, respectively), inflammation in WT mice induces a signif-
icant increase of the wind-up when compared with naive
condition (P , 0.001, not shown). Interestingly, this increase in
wind-up amplitude in inflammatory conditions is absent in
P2RX42/2 CFA mice when compared with WT CFA (Fig. 2E).

4. Discussion

In this study, we report that P2X4 is not involved in acute
nociceptive transmission but participate in central sensitization of
DH WDR in both naive and the persistent pain model.

Complete Freund Adjuvant is known to produce a fast onset
and long-lasting inflammation that elicits allodynia and hyper-
algesia, both symptoms of the chronic pain state. Previous
studies have demonstrated that behavioral changes seem very
early after CFA injection.13,14 We show here that these behavioral
changes are also accompanied by an alteration of nociceptive
integration by DH WDR neurons. Indeed, 24 hours after CFA
injection, hyperexcitability of DH WDR neurons is observed
through a decrease in the C-fiber response threshold and an
increase of the DH WDR neuron responsiveness to electrical
stimulation within their receptive field. These alterations are
perhaps due to peripheral changes that could affect nociceptive
fibers by increasing their activation threshold and therefore their
responsiveness to electrical stimulation. Indeed, a previous study
already demonstrated an increased excitability in peripheral fibers
in chronic inflammatory pain.16 Central mechanisms can also be
responsible for such changes in DH WDR neurons. Superficial
laminas of the spinal cord receive most C fibers and are
connected to DHWDR neurons.11 It is well known that increased
excitability of superficial lamina also occurs in the model of
persistent pain.2 Wind-up is a form of sensitization to pain that is
not expressed by peripheral fibers and thus restricted to the
dorsal horn. Complete Freund Adjuvant induced an increase in
wind-up amplitude suggesting that both central and peripheral
mechanisms are responsible for the increased excitability of DH
WDR. In addition, wind-up expressed by DH WDR can also be
elicited by intrinsic properties that depend on L-type calcium
channels.4,8 Therefore, we cannot rule out a direct effect of
inflammation on the intrinsic properties of DH WDR.

Our results show that DH WDR hyperexcitability induced by
inflammation is largely suppressed in P2RX42/2 mice. These
results are in line with previous studies showing a P2X4-
dependant mechanical hyperalgesia 24 hours after CFA in-
jection.5,14 We show that P2RX4 knockout alters the C-fiber
threshold and the IR curve that suggests a peripheral role of
P2X4. This is in accordance with the involvement of peripheral
P2X4 in persistent pain models.5–7,14,15 Finally, wind-up ampli-
tude of DHWDR is decreased in P2RX42/2CFAmice, which also
suggests a central component.

Finally, we demonstrated that CFA-induced chronic inflam-
mation altered nociceptive integration by DH WDR neurons as

early as 24 hours after CFA injection, and that both peripheral and
central mechanisms are mediated by P2X4.

Disclosures

The authors state that they have no conflict of interest.
This work was funded by the Languedoc-Roussillon

“Chercheur d’avenir program,” and Institut UPSA de la douleur.
This work was also funded by the LABEX Brain.

Acknowledgments

The authors also kindly thank Dr Eric Boué-Grabot and Dr
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