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A B S T R A C T   

Pain is the most debilitating symptom in juvenile idiopathic arthritis. As pain correlates poorly to the extent of 
joint pathology, therapies that control joint inflammation are often inadequate as analgesics. We test the hy-
pothesis that juvenile joint inflammation leads to sensitisation of nociceptive circuits in the central nervous 
system, which is maintained by cytokine expression in the spinal cord. Here, transient joint inflammation was 
induced in postnatal day (P)21 and P40 male Sprague-Dawley rats with a single intra-articular ankle injection of 
complete Freund’s adjuvant. Hindpaw mechanical pain sensitivity was assessed using von Frey hair and weight 
bearing tests. Spinal neuron activity was measured using in vivo extracellular recording and im-
munohistochemistry. Joint and spinal dorsal horn TNFα, IL1β and IL6 protein expression was quantified using 
western blotting. We observed greater mechanical hyperalgesia following joint inflammation in P21 compared to 
P40 rats, despite comparable duration of swelling and joint inflammatory cytokine levels. This is mirrored by 
spinal neuron hypersensitivity, which also outlasted the duration of active joint inflammation. The cytokine 
profile in the spinal cord differed at the two ages: prolonged upregulation of spinal IL6 was observed in P21, but 
not P40 rats. Finally, spinal application of anti-IL-6 antibody (30 ng) reduced the mechanical hyperalgesia and 
neuronal activation. Our results indicate that persistent upregulation of pro-inflammatory cytokines in the spinal 
dorsal horn is associated with neuronal sensitisation and mechanical hyperalgesia in juvenile rats, beyond the 
progress of joint pathology. In addition, we provide proof of concept that spinal IL6 is a key target for treating 
persistent pain in JIA.   

1. Introduction 

Juvenile idiopathic arthritis is a heterogeneous group of muscu-
loskeletal diseases affecting around 0.1% of children in the UK 
(Manners and Bower, 2002). While the treatment of JIA has been re-
volutionised by the introduction of biologics (Learoyd et al., 2019; 
Lomholt et al., 2013; Shiff, 2017), pain remains a major problem 
(Cornelissen, 2014; de Lalouvière et al., 2014; Schaible, 2009). Elec-
tronic diary entries of JIA patients showed virtually no pain-free per-
iods, and 86% of patients suffered from high levels of pain at least once 
a month (Shiff, 2017; Cornelissen, 2014). In addition, pain may not 
reflect disease activity (Lomholt et al., 2013; Leegaard, 2013; Consolaro 
and Ravelli, 2013) as JIA patients often have generalised hypersensi-
tivity (not restricted to the affected joints) to light pressure, touch, 
noxious cold and heat stimulations when compared to healthy children 

(Shiff, 2017; Cornelissen, 2014). An analysis of pain severity in JIA 
reveals that one in 10 patients have concerning pain trajectories in the 
24 months post diagnosis, but that initial active joint counts does not 
always reflect these trajectories (Shiff, 2017). Rodent models of JIA 
display a similar dissociation of joint inflammation and pain behaviour 
providing a basis for isolating biological mechanisms, independent of 
social or clinical factors (Learoyd et al., 2019). 

The underlying mechanisms of joint inflammatory pain are complex 
(Schaible, 2009). Clinical and experimental studies have shown that 
joint inflammation enhances the production and release of pro-in-
flammatory cytokines (e.g. tumour necrosis factor alpha (TNFα), in-
terleukin (IL) 1 and 6) by the immune system (de Jager, 2006; Prelog, 
2008). These cytokines can activate peripheral nociceptors and cause 
pain (Choy and Panayi, 2001; Sommer and Kress, 2004). Prolonged 
activation of peripheral nociceptors can sensitise the pain pathways of 
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the central nervous system (CNS) (Watkins et al., 1995), and induce 
adaptive changes that lead to hyperalgesia (Schaible, 2010). Im-
portantly, pain sensitisation can also arise from increased cytokine le-
vels within the CNS itself, due to activation of neuroimmune pathways 
(Guo, 2007; Raghavendra et al., 2004). Thus local pro-inflammatory 
cytokines within spinal cord pain circuits can directly excite neurons 
such that pain is maintained beyond the disease process itself, a phe-
nomenon known as central sensitisation (Guo, 2007; Raghavendra 
et al., 2004; Zhang, 2011). In patients where their pain persists beyond 
the period of active joint inflammation, neuroinflammation may be 
better correlated with pain than peripheral inflammation. Cytokine 
induced central sensitisation is therefore an important mechanism for 
the maintenance of chronic arthritic pain (de Lalouvière et al., 2014). 

Much of our mechanistic understanding of joint inflammatory pain 
derives from studies using adult animal models. However, as there are 
important age-related differences in pain processing, the results are not 
directly applicable to JIA. Furthermore, the normal maturation of pain 
processing is influenced by abnormal sensory experience (Beggs, 2012) 
and there is evidence that early life injury can ‘prime’ nociceptive cir-
cuits leading to increased pain upon re-injury in adulthood (Walker, 
2009, 2003; Walker et al., 2009). There are significant differences in 
neuroimmune activation and cytokine regulation following peripheral 
nerve injury between young and adult animals (McKelvey, 2015; Vega- 
Avelaira et al., 2009, 2007; Moss, 2007; Costigan, 2009), upon injury 
the cytokine profile within the spinal dorsal horn switches from an anti- 
inflammatory responses during early infancy to pro-inflammatory 
around adolescence, characterized by significant increases in TNFα and 
Brain-derived neurotropic factor (BDNF) (McKelvey, 2015). The 
changes in neuroimmune responses directly affect their pain beha-
viours, indicating important functional developmental regulation of 
spinal neuroimmune pathways (Moriarty, 2019). 

There is a clear clinical need for better understanding of mechan-
isms underlying JIA pain (de Lalouvière et al., 2014). In this study, we 
investigated the mechanisms underlying joint inflammatory pain using 
a model of monoarthritis in juvenile and peri-pubertal rodents. We test 
the hypothesis that central modulation of joint pain differs between 
juvenile and adult animals, and that joint inflammation triggers a dis-
tinct age-related pattern of cytokine expression in the spinal cord which 
explains the chronic pain of juvenile arthritis. 

2. Materials and methods 

2.1. Animals 

Male Sprague-Dawley weaned juvenile (postnatal day (P)21) and 
peri-pubertal (P40) rats were obtained from the Biological Services 
Unit, University College London, and Charles River Laboratories 
(Boucherville, QC, Canada). All animals were maintained on a 12-h 
light/dark cycle at constant ambient temperature with access to food 
and water ad libitum. All animals were group-housed in 4 with litter-
mates in conventional cages, with wood shavings and sawdust as bed-
ding. All experiments were approved by the University College London 
Animal Care Committee or the University of Calgary Animal Care 
Committee, adhered to the United Kingdom Animal (Scientific 
Procedures) Act 1986 and Canadian Council on Animal Care guidelines. 
Reporting is based on the ARRIVE Guidelines for Reporting Animal 
Research developed by the National Centre for Replacement, 
Refinement and Reduction of Animals in Research, London, United 
Kingdom (Kilkenny, 2010). 

2.2. Induction of monoarthritis in ankle joints 

Microinjection of Complete Freund’s Adjuvant (CFA) (Sigma- 
Aldrich, UK) into the intra-articular space was used to produce arthritic 
inflammation of the left ankle joint under isoflurane anaesthesia (5% in 
100% medical O2 for induction, 2–3% for injection). Juvenile (P21) 

and adult (P40) animals received 10 μL and 20 μL of CFA mixture (1 
part CFA to 1 part mineral oil) respectively, age-matched controls re-
ceived saline. A 30-gauge needle attached to a 100 µL Hamilton Syringe 
was inserted into the left ankle joint capsule from the posterior lateral 
aspect and advanced until a palpable release of pressure. Following 
injection, the needle remained in the joint for at least 30 s to ensure that 
the injectate remained in the joint space. 

2.3. Sensory behaviour tests 

In CFA or saline injected P21 and P40 rats, mechanical withdrawal 
threshold on the ipsilateral and contralateral paw, weight bearing and 
joint diameter of the ipsilateral ankle were measured before injections 
(baseline), and up to 24 days post-injections. Calibrated von Frey hairs 
(vFh) were applied to the ipsilateral and contralateral hindpaws, and 
mechanical thresholds were determined using the up–down method 
(Chaplan, 1994). Hindlimb weight bearing was assessed using an in-
capacitance meter (Churchill Electronic Services), which measures the 
weight supported by each hindlimb independently. Ipsilateral ankle 
joint diameter was measured using a pair of calibrated callipers. 

2.4. Intrathecal injection 

Intrathecal injections were performed for 3 consecutive days (days 7 
to 9) after intra-articular injection of CFA in a subset of P21 animals. 
Recombinant rat anti-IL6 antibody (MAB406, R&D Systems) was re-
constituted in sterile saline and diluted to the following concentrations: 
3 ng/10 µL, 10 ng/10 µL and 30 ng/10 µL. Under brief isoflurane an-
aesthesia (3%), a 1 mL insulin syringe was inserted between the L5 and 
L6 spinal vertebrae and 10 µL of the desired concentration of anti-IL6 
was administered. Control animals received intrathecal injections of 
sterile saline (10 µL). Intrathecal injections were given near the end of 
the light cycle of animals, after the completion of sensory behaviour 
tests. 

2.5. In vivo electrophysiology 

Electrophysiology was performed at 3 days or 14 days after P21 or 
P40 intra-articular injection of CFA or saline. Rats were anesthetized 
with isoflurane (1.8% in medical oxygen, Univentor unit 400, Royem 
Scientific), tracheotomised and artificially ventilated using a small an-
imal ventilator (model 687, Harvard Apparatus, MA, USA). Animals 
were mounted onto a stereotaxic frame (Kopf Instruments, Tujunga, CA, 
USA). A laminectomy was performed to expose the lumbar spinal cord. 

To isolate individual neurones in the spinal cord dorsal horn, a 6 µm 
tipped glass-coated carbon fibre microelectrode (Kation Scientific, 
Minneapolis, USA) was lowered through the cord with an in vivo 
Micromanipulator unit (Scientifica, UK) while stroking the plantar 
surface of the hindpaw as a search stimulus for dorsal horn wide dy-
namic range (WDR) cells in lamina IV-VI. Once a cell (single unit) was 
identified, spontaneous firing (baseline neuronal activity in the absence 
of peripheral stimulation) was recorded for 1 min. Then, cutaneous 
receptive fields to brush and pinch stimulation were mapped and the 
number of spikes per stimulus to brush,pinch and vFh stimulation of the 
receptive field were recorded. Brush and pinch stimuli were applied for 
0.5 s and 3 s respectively. The range of vFh weight used for P21 animals 
was 2 g to 26 g, and 2 g to 60 g for older animals. For pinch, recordings 
continued for 10 s after the stimulus to include after-discharge. 
Stimulus evoked potentials were digitalised using PowerLab 4/30 in-
terface and isolated using the Chart 5 software spike histogram plug-in 
(AD Instruments Ltd, Oxford, UK). 

2.6. cFos immunohistochemistry 

P21 rats received intra-articular injections of CFA and intrathecal 
injections of either saline (control) or anti-IL6 (30 ng/10 µL) as 
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described. 3 days after the last intrathecal injection, a brief pinch was 
applied to the left, inflamed ankle joint using calibrated forceps. Within 
two hours after ankle pinch, animals underwent transcardial perfusion 

of phosphate-buffered saline (PBS) and 4% paraformaldehyde (PFA), 
the lumbar spinal cords were removed, post-fixed overnight at 4 °C 
before cryopreserving in 30% sucrose azide. 40 µm thick coronal spinal 

Fig. 1. The time course of ankle joint inflammation in juvenile (P21) and peri-pubertal (P40) rats following CFA injections. (A, B) Ipsilateral joint diameter, 
(Djouhri, 2006) at baseline and up to 24 days after CFA injections (n = 4–6 for all groups). Significant and comparable swelling was observed in both P21 (A, 
p  <  0.05, effect of treatment, two-way ANOVA) and P40 rats (B, p  <  0.0001, effect of treatment, two-way ANOVA), peaking at day 3 and returning to normal by 
day 10. (C-K) Western blot analysis of pro-inflammatory cytokines in the ankle joints of P21 and P40 rats at day 3 and at day 14 after CFA injections. Expression of 
TNFα, IL1β and IL6 were normalised to GAPDH. (n = 4 per age and timepoint). (C) Representative western blot image of TNFα expression in the ipsilateral and 
contralateral joints of P21 and P40 rats, at day 3 and 14 after CFA and saline intra-articular injections. (D, E) Injection of CFA into the left ankle joints significantly 
increased the expression of TNFα in P21 (D, p  <  0.05, effect of treatment, three-way ANOVA) and P40 rats (E, p  <  0.01, effect of treatment, three-way ANOVA) at 
day 3, returning to normal by day 14. (F) Representative western blot image of IL1β expression. (G, H) Similarly, the expression of IL1β increased after CFA injections 
in the ipsilateral ankle joints of both P21 (G, p  <  0.01, effect of treatment, three-way ANOVA) and P40 rats (H, p  <  0.05, effect of treatment, three-way ANOVA) at 
day 3 returning to normal by day 14. (I) Representative western blot image of IL6 expression. (J) The expression of IL6 significantly increased in the ipsilateral ankle 
after CFA injection in P21 rats (p  <  0.01, effect of treatment, three-way ANOVA) returning to normal by day 3. (K) No changes in the expression of IL6 in the joints 
after CFA injection in P40 rats. Data are presented as mean  ±  SEM. (A, B) *p  <  0.05, **p  <  0.01, ****p  <  0.0001 are compared with saline. (C–H) *p  <  0.05, 
**p  <  0.01 are compared between ipsilateral and contralateral ankle; ##p  <  0.01, ###p  <  0.001 are compared with saline controls. 
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cord sections were cut and collected on a freezing cryostat. Free- 
floating sections were incubated overnight at room temperature in 
rabbit anti-cFos (1.500, ab190289, Abcam) and AlexaFluor 647 con-
jugated anti-Isolectin 4 (IB4, I32450, Invitrogen), followed by donkey 
anti-rabbit AlexaFluor 488 (1:500, A-21206, Invitrogen). 

Images were obtained using a Nikon A1R multiphoton microscope, 
quantification of cFos immunopositive cells was performed using 
ImageJ (NIH). The superficial and deep regions were delineated with 
positive IB4 immunoreactivity, indicating termination of primary af-
ferents in the superficial lamina of the dorsal horn (sDH). The rest of the 
dorsal portion of the spinal dorsal horn, up to the central canal was 
counted as the deep dorsal horn (dDH). 4 sections of the lumbar spinal 
cord were imaged and quantified from a total of 5 saline and 4 anti-IL6 
treated animals. The data presented were total counts of cFos im-
munopositive cells either within the sDH or dDH, each datapoint re-
present cFos count of each spinal cord slice. 

2.7. Cytokine protein analysis 

Rats were sacrificed at day 3 and day 14 after P21 or P40 intra- 
articular CFA or saline injections. The ipsilateral and contralateral 
ankle joints and dorsal horn quadrants of L3–L5 spinal cord segments 
were collected. Proteins were extracted in 250 μL lysis buffer (NP-40 
1%, Tris-HCl 20 mM, pH 7.2, NaCl 100 mM, EDTA 1 mM, and 1% of 
protease inhibitor and PMSF; all from Sigma, UK) by homogenisation 
using FastPrep biopulverisor system (MP Biomeidcals, UK), incubated 
for 2 h on ice and centrifuged at 12,000g to remove the debris. Samples 
(20 μg of proteins per well) were run on 10% Bis-Tris gels (Biorad 
Laboratories, UK) by electrophoresis and transferred onto a 
Polyvinylidene fluoride (PVDF) membrane (Biorad Laboratories, UK). 
Membranes were then blocked in i-Block (0.2% in Tris-buffered saline; 
Applied Biosystems, UK) and incubated with primary antibodies against 
Interleukin-6 (IL6), Interleukin 1-beta (IL1β),Tumour necrosis factor- 
alpha (TNFα) and Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (MAB406, MAB401, MAB4101, AF5718, R&D Systems, UK; 
1:500 in 0.2% i-block solution). Primary antibodies were detected using 
horseradish peroxidase (HRP) conjugated secondary antibodies (Santa 
Cruz Biotechnology, CA, USA). HRP activity was visualized using 
Chemi Doc XRS (Biorad). Signal intensity was measured using ImageJ 
software (NIH). Signals for IL6, IL1β and TNFα were normalized to 
GAPDH. Positive control experiments conducted with purified IL6 (506- 
IL-CF, R&D Systems), IL1β (501-RL-CF, R&D Systems) and TNFα (510- 
RT-CF, R&D Systems) protein showed dose-dependent increases in HRP 
signals (Supplementary Fig. 1). 

2.8. Statistical data analysis 

Statistical analyses and graphing were performed using GraphPad 
Prism 8 (GraphPad software, La Jolla, CA, USA) and SPSS 23. P  <  0.05 
was considered statistically significant. Data are represented as 
means  ±  standard error of mean (SEM). 

Normality tests were applied, and parametric tests were used where 
appropriate. Mechanical withdrawal threshold data was log2 trans-
formed and, along with all other behavioural data, was analysed by 
repeated measures two-way ANOVA followed by Bonferroni post-hoc 
analysis. Electrophysiological and immunoprecipitation data were 
analysed by three-way ANOVA followed by Bonferroni post-hoc ana-
lysis. 

3. Results 

3.1. Intra-articular injection of complete Freund’s adjuvant induced 
comparable transient joint inflammation between juvenile (P21) and peri- 
pubertal (P40) rats 

To investigate age related differences in changes within the joint 

itself following transient joint inflammation, we first measured ipsi-
lateral joint diameter at baseline and up to 24 days after the intra-ar-
ticular injection of complete Freund’s adjuvant (CFA, 1 part CFA to 1 
part mineral oil, 10 µL and 20 µL at P21 and P40 respectively). Fig. 1A- 
B show that joint diameters ipsilateral to CFA injections were sig-
nificantly larger compared to saline injections in both juvenile (P21, F 
(1, 6) = 7.08, P = 0.04, repeated measures two-way ANOVA) and peri- 
pubertal rats (P40, F (1, 10) = 79.49, P = 0.000005, repeated mea-
sures two-way ANOVA). Since the animals are at different stages of 
growth, direct comparison of increases in joint size is not possible but  
Fig. 1A -B show that the progress of joint swelling was comparable at 
the two ages. Joint swelling peaked at 3 days post injection and re-
turned to normal 10 days after injection in both P21 (saline: 
0.33  ±  0.012 vs CFA: 0.438  ±  0.038, p = 0.0042, Bonferroni mul-
tiple comparisons) and P40 (saline: 0.413  ±  0.012 vs. CFA: 
0.605  ±  0.017, p = 0.000059, Bonferroni multiple comparisons) rats. 

To examine the inflammatory processes within the joints we mea-
sured TNFα, IL1β and IL6 at day 3 and 14 after CFA or saline injections 
in P21 and P40 rats (de Jager, 2006), as they are pro-inflammatory 
cytokines present in arthritic joints (Marinova-Mutafchieva, 1997), and 
targets of routinely prescribed biological treatments. 

The overall expression of TNFα was increased in CFA injected ani-
mals compared to saline controls (P21: F(1, 6) = 5.828, P = 0.024; 
P40: F(1, 10) = 7.693, P = 0.011, three-way ANOVA. Fig. 1C-E). The 
increase in TNFα occurred at day 3 but not at day 14 after CFA injection 
in P40 animals, expression of TNFα was significantly higher in the ip-
silateral ankle joint compared to both the contralateral ankle and the 
saline injected ankles (Fig. 1E). 

The expression of IL1β followed a similar pattern to that observed 
for TNFα (P21: F (1, 6) = 10.381, P = 0.004; P40: F (1, 10) = 5.046, 
P = 0.034, three-way ANOVA. Fig. 1F-H). A significant increase in IL1β 
was found in CFA injected ankle joints in both P21 and P40 rats, at day 
3 for both age groups, and was significantly higher in the ipsilateral 
compared to contralateral ankle joint. 

The expression of IL6 was significantly higher in the ankles of CFA 
injected in P21 rats only (F (1, 6) = 7.769, P = 0.01, three-way 
ANOVA. Fig. 1I-K), and this increase was only observed at day 3 after 
injection. Furthermore, the expression of IL6 was enhanced in the ip-
silateral ankle compared to the contralateral and saline injected ankle 
at day 3 after injections. 

3.2. Ankle joint inflammatory pain hypersensitivity is more persistent in 
juvenile compared to peri-pubertal rats 

We next compared pain sensitivity following joint inflammation in 
P21 and P40 rats. Mechanical pain was assessed by weight bearing, 
measured at baseline (before injection) and up to 24 days after a single 
intra-articular injection of CFA into the left ankle. Data presented in  
Fig. 2A & B shows the percentage of weight borne on the injected 
hindlimb as a percentage of total body weight, which in naive, non- 
injured animals is around 50%. CFA inflammation of the left ankle 
joints induced significant weight bearing deficits on the ipsilateral 
hindlimb of both P21 (F (1, 132) = 80.4, P = 0.00023, repeated 
measures two-way ANOVA. Fig. 2A) and P40 rats (F (1, 63) = 97.72, 
P  <  0.0001, repeated measures two-way ANOVA. Fig. 2B). In P21 rats 
weight bearing deficits maintained for over 2 weeks and did not return 
to normality until 21 days post injection (Fig. 2A). In P40 rats, this 
deficit was detectable at 4 h and peaked within the first 3 days, fol-
lowed by a steady return to normality at 14 days post injection 
(Fig. 2B). 

Mechanical allodynia in the hindpaws ipsilateral and contralateral 
to the inflamed ankle was also measured (Fig. 2C-D). Consistent with 
previous reports (Shan, 2007a, 2007b; Sun, 2008), joint inflammation 
resulted in a significant decrease in mechanical withdrawal threshold in 
the ipsilateral paw in both juvenile (F (3, 30) = 9.543, P = 0.00013, 
repeated measures two-way ANOVA) and peri-pubertal rats (F (1, 
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63) = 97.72, P = 0.000001, repeated measures two-way ANOVA). In 
P21 rats, mechanical thresholds undergo a normal developmental in-
crease throughout the test period not seen in peri-pubertal animals, 
despite this, a decrease in mechanical withdrawal threshold was de-
tected at 4 h after CFA injections, and had fully resolved by 10 days 

(Fig. 2C). Recovery from CFA induced mechanical allodynia was faster 
in P40 rats, a decrease in mechanical withdrawal threshold was ob-
served at 4 h after CFA injections, and resolved after a week (Fig. 2D). 

(caption on next page) 
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3.3. Central sensitisation of spinal nociceptive neurons following 
monoarthritis is longer lasting and more extensive in P21 compared to P40 
rats 

The data above suggested that the prolonged pain following joint 
inflammation at P21 is not attributable to differences in the local joint 
inflammatory process itself. Pain sensitivity is critically linked to hy-
perexcitability in spinal neurons, known as central sensitisation 
(Samad, 2001; Woolf and Salter, 2000), so we compared the effect of 
monoarthritis upon the excitability of spinal neurons using in vivo single 
unit electrophysiology, at the two ages. 

Ankle joint inflammation caused a small, generalised increase in 
spontaneous firing of spinal cord dorsal horn neurons at both ages (P21: 
F (1, 102) = 9.143, P = 0.0032; P40: F (1, 74) = 6.838, P = 0.0108, 
three-way ANOVA) with no differences between ipsilateral and con-
tralateral dorsal horn. At P21, there was greater variability in post ar-
thritis spontaneous activity (mean  ±  SEM, spikes/min. After CFA, D3 
ipsi: 3.667  ±  1.827, D14 ipsi: 3.143  ±  0.954; after saline, D3 ipsi: 
1.385  ±  0.5, D14 ipsi: 0.667  ±  0.294, Supplementary Fig. 2A & B). 

Next, the number of spikes evoked by cutaneous noxious pinch 
stimulation of the hindpaw (Fig. 2E-G) and the size of pinch receptive 
field (Fig. 2H-I) were measured in dorsal horn WDR neurons (Stanfa 
et al., 1992). At P21, joint inflammation significantly increased pinch 
evoked firing (F (1, 102) = 10.07, P = 0.00198, three-way ANOVA) at 
day 14 after CFA injection compared to animals who received saline 
injections. Pinch evoked firing of both ipsilateral and contralateral 
dorsal horn neurons was higher at day 14 compared to day 3 post CFA 
injection. At day 3 after CFA injection, an expansion of receptive field 
was observed in the ipsilateral dorsal horn (ipsi: 5994.441  ±  790.062 
vs. contra: 2872.078  ±  403.940, P = 0.0269, Bonferroni multiple 
comparisons). Joint inflammation also significantly increased the 
number of spikes in the post-pinch after-discharge in P21 rats 
(P = 0.00003, Supplementary Fig. 2C) at day 3, compared to saline 
controls, with no difference between ipsilateral and contralateral neu-
rons. 

Ankle joint inflammation also increased dorsal horn neuron pinch 
evoked firing activity at P40, but the effects were transient compared to 
P21. Ipsilateral responses to pinch increased at day 3 only compared to 
saline controls and no changes were observed at 14 days (Fig. 2G). 
Furthermore, joint inflammation did not significantly alter hindpaw 
receptive field area or pinch evoked after-discharges (Fig. 2I and  
Supplementary Fig. 2D). 

vFh evoked firing was measured to assess overall excitability of 
ipsilateral spinal dorsal horn neurons (Supplementary Fig. 3), and 
showed that hypersensitivity to mechanical stimulation was longer 
lasting in P21 compared to P40. In P21, vFh evoked firing was in-
creased in CFA injected animals compared to saline, at day 3 (F(1, 

282) = 8.272, P = 0.0045, two-way ANOVA, Supplementary Fig. 3A) 
and day 14 post-injection (F(1, 248) = 11.54, P = 0.00079,  
Supplementary Fig. 3B). At both timepoints, the increase in vFh evoked 
firing was greater when suprathreshold vFh was applied (day 3: vFh 
15 g, P = 0.037; vFh 26 g, P = 0.041; day 14: vFh 60 g, P = 0.0044). 
In P40, vFh evoked firing was increased in CFA injected animals at day 
3 (F(1, 160) = 2.442, P = 0.021) but not at day 14 post injection. 

Low-threshold innocuous brush evoked activity was observed in 
dorsal horn neurons of P21 or P40 rats at 3- and 14-days following 
ankle joint inflammation (Supplementary Fig. 2E to H). No significant 
differences were detectable, indicating that spinal processing of tactile 
stimulation following joint inflammation is unaffected regardless of 
age, under these recording conditions. 

3.4. The pattern and time course of pro-inflammatory cytokine expression 
in the spinal cord dorsal horn following joint inflammation differs between 
P21 and P40 rats 

To study the molecular basis of spinal neuron sensitisation, the 
expression of pro-inflammatory cytokines, TNFα, IL1β and IL6, in the 
ipsilateral and contralateral spinal cord dorsal horn were investigated 
using western blots at day 3 and 14 after ankle joint injections. 

Fig. 3A-C show that the expression of dorsal horn TNFα was sig-
nificantly increased following injection of CFA into the ankle joints of 
both P21 (F (1, 6) = 10.321, P = 0.004, three-way ANOVA. Fig. 3B) 
and P40 rats (F (1, 10) = 18.419, P = 0.00025, three-way ANOVA.  
Fig. 3C). Levels of TNFα was significant higher in the ipsilateral dorsal 
horn at day 14 after CFA injections compared to saline controls. 

The expression of dorsal horn IL1β followed a similar course to that 
of TNFα, as joint inflammation significantly increased the level of IL1β 
detected in the dorsal horn of both P21 and P40 rats (P21: F(1, 
6) = 23.327, P = 0.00006, P40: F (1, 10) = 35.067, P = 0.0000058, 
three-way ANOVA. Fig. 3D-F). At both ages, the expression of IL1β 
14 days after CFA injections was higher in the ipsilateral dorsal horn 
compared to saline controls. 

The expression of IL6 in the spinal cord dorsal horn was also in-
creased by joint inflammation (P21: F(1, 6) = 51.286, P = 0.0000024, 
P40: F (1, 10) = 39.054, P = 0.000018, three-way ANOVA, Fig. 3G-I). 
In P40 rats, the expression of IL6 was higher in the ipsilateral dorsal 
horn of CFA injected animals compared to saline controls at day 3, but 
not at 2 weeks. In contrast, time post CFA injection was not a factor in 
P21 rats: the expression of IL6 was higher in the ipsilateral dorsal horn 
of CFA injected animals at both day 3 and day 14 when compared to 
saline controls. 

Fig. 2. Mechanical pain hypersensitivity and spinal dorsal horn neuron excitability (A) Significant weight bearing deficits were observed after CFA injection in 
P21 rats (p  <  0.001, effect of treatment, two-way ANOVA). This deficit was detectable at 4 h, peaked within the first 3 days and continued for up to 3 weeks. (B) 
Significant weight bearing deficits were also observed after CFA injection in P40 rats (p  <  0.001, effect of treatment, two-way ANOVA). The weight bearing deficit 
returned to normal by day 10 after CFA injection in P40 but only after day 21 in P21 rats. (C) Hindpaw mechanical withdrawal threshold significantly decreased after 
CFA injection in P21 rats (p  <  0.001, effect of treatment, two-way ANOVA). This decrease was observed in the ipsilateral paw only, detectable at 4 h, peaked within 
the first 3 days and returned to baseline 1 week after CFA injection. (D) A comparable decrease in hindpaw mechanical withdrawal threshold was observed after CFA 
injection in P40 rats (p  <  0.0001, effect of treatment, two-way ANOVA). N = 4–6 rats per group. *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001 are 
compared with saline (A, B) and saline ipsilateral hindpaw (C, D). #p  <  0.05, ##p  <  0.01, ####p  <  0.0001 are compared with CFA contralateral hindpaw (C, 
D). (E) Representative traces of single unit extracellular recordings, showing pinch evoked responses in the spinal dorsal horn neurons of P21 and P40 rats, day (D) 3 
and 14 after CFA or saline intra-articular injections. Green arrow depicts start of pinch stimulation, green line indicates duration of pinch stimulation, blue line 
indicates duration of pinch after discharges. Scale bar: x-axis = duration of stimulation (s), y-axis = amplitude of responses (V) (F) Pinch evoked firing significantly 
increased in CFA injected P21 rats compared to saline controls (p  <  0.01, effect of treatment, three-way ANOVA) at day 14 in the ipsilateral and contralateral dorsal 
horn. (G) In P40, pinch evoked firing increased after CFA injection in the ipsilateral dorsal horn only at day 3. (H) Injection of CFA into the left ankle joint induced an 
expansion of receptive field in the ipsilateral cord in P21 rats (p  <  0.01, effect of treatment, three-way ANOVA) at day 3. By day 14, expansion of receptive field in 
both ipsilateral and contralateral neurons were observed. No significant changes in the size of receptive fields were observed in P40 rats following CFA injection. 
*p  <  0.05 are compared between ipsilateral and contralateral dorsal horn, #p  <  0.05, ##p  <  0.01 are compared with saline controls, δδ p  <  0.01, δδδ 
p  <  0.0001 are compared between day 3 and day 14. 24–32 cells from 5 to 6 P21 animals per treatment and timepoint; 14–26 cells from 4 to 6 P40 animals per 
treatment and timepoint. 
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3.5. A functional role for spinal IL6 in prolonged joint inflammatory pain 
behaviours in juvenile rats 

The data above shows that P21 rats display prolonged pain and 
spinal neuron activity compared to P40 rats after intra-articular injec-
tion of CFA. The expression of IL6 in the spinal dorsal horn were pro-
longed in P21 but not P40 rats. This suggests that spinally released IL6 
has a role in maintaining ‘late-phase’ pain in juvenile rats. 

To test this, anti-IL6 antibody (3, 10 and 30 ng in 10 μL per injec-
tion, one dose per animal) was intrathecally injected 7, 8 and 9 days 
after intra-articular injection of CFA. 30 ng of anti-IL6 accelerated the 
recovery of weight bearing following P21 ankle monoarthritis and re-
versed weight bearing deficits on days 11, 14 and 17 (Bonferroni 
multiple comparisons, P = 0.014, P = 0.02 and P = 0.011 respec-
tively) (Fig. 4A), but did not have an effect on von Frey hair mechanical 
sensitivity in either the ipsilateral or the contralateral hindpaw (Fig. 4B- 
C). 

To test whether upregulation of IL6 is responsible for sensitisation of 
spinal neurons, cFos immunoreactivity was used to measure dorsal horn 

recent neuronal activity after intrathecal anti-IL6 (30 ng) treatment 
(Fig. 4D-E). Fig. 4F shows the expected increase in cFos expressing 
dorsal horn neurons, 9 days following ankle joint inflammation in P21 
rats treated with intrathecal saline. After anti-IL6, the number of cFos 
expressing neurons in P21 rats was significantly reduced (F (1, 
140) = 139.2, P  <  0.0001, two-way ANOVA). The decrease in cFos 
immunopositive cells was observed in the ipsilateral and contralateral 
superficial dorsal horn (ipsi: saline vs. 30 ng anti-IL6, 32.824  ±  2.54 
vs. 15.85  ±  1.324, P  <  0.0001; contra: saline vs. 20 ng anti-IL6, 
18.176  ±  1.715 vs. 9.1  ±  0.992, P = 0.0000115; Bonferroni multiple 
comparisons), where nociceptive primary afferent terminates, as well as 
the ipsilateral and contralateral deep dorsal horn (ipsi: saline vs. 30 ng 
anti-IL6, 15.588  ±  0.845 vs. 7.75  ±  0.92, P = 0.00018; contra: 
saline vs. 30 ng anti-IL6, 14.118  ±  0.988 vs. 4.1  ±  0.452, 
P = 0.0000012, Bonferroni multiple comparisons). 

4. Discussion 

The results support the hypothesis that joint inflammation triggers 

Fig. 3. The expression of pro-inflammatory cytokines at day 3 and day 14 after CFA injections in the spinal cord were measured in juvenile (P21) and peri- 
pubertal (P40) rats. Expression of TNFα, IL1β and IL6 were normalised to GAPDH (n = 4 per age and timepoint). (A) Representative western blot image of TNFα 
expression in the ipsilateral and contralateral spinal dorsal horns of P21 and P40 rats, at day 3 and 14 after CFA or saline intra-articular injections. (B, C) The 
expression of TNFα was significantly increased following CFA injections in the ipsilateral dorsal horn of P21 (p  <  0.01, effect of treatment, three-way ANOVA) and 
P40 rats (p  <  0.0001, effect of treatment, three-way ANOVA) at both day 3 and 14 in P21 rats (B), but only on day 14 in P40 rats (C). (D) Representative western 
blot image of IL1β expression. (E, F) Similarly, expression of IL1β increased following CFA injection in P21 and P40 rats (p  <  0.0001 for both ages, effect of 
treatment, three-way ANOVA). (E) In P21 rats IL1β increased in the ipsilateral dorsal horn at day 3, but in both ipsilateral and contralateral by day 14. (F) In P40 rats, 
the expression of IL1β was increased in both the ipsilateral and contralateral dorsal horn at day 3 and 14 after CFA injection. (G) Representative western blot image of 
IL6 expression. (H, I) The expression of IL6 was significantly increased following CFA injection in both P21 and P40 rats (p  <  0.0001 for both ages, effect of 
treatment, three-way ANOVA) in both the ipsilateral and contralateral dorsal horn. (H) In P21 rats an increase in IL6 was found on both day 3 and 14, whereas in P40 
(I), the increase was only evident on day 3. Data are presented as mean  ±  SEM. #p  <  0.05, ##p  <  0.01, ####p  <  0.0001 are compared with saline controls. 
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an age-related pattern of cytokine expression in the spinal cord which is 
responsible central sensitization and chronic pain in juvenile arthritis. 
We report pain behaviour is longer lasting in juvenile rats despite 
comparable joint inflammatory processes to peri-pubertal rats. This 
prolonged pain is accompanied by more widespread central sensitisa-
tion of spinal dorsal horn nociceptive neurons. We show that the profile 
and time-course of pro-inflammatory cytokine expression in the spinal 
cord following joint inflammation differs at the two ages, most notably 
in IL-6. In addition, we show a potential role of spinal IL-6 in pain 
behaviour of juvenile arthritic rats as intrathecal blockade of IL6 re-
duced weight bearing deficits and dorsal horn neuronal cFos expres-
sion. 

Activation of peripheral immune cells and release of cytokines 
within the joint capsules (de Jager, 2006) is important for the healing 
process, but cytokines can also activate peripheral nociceptors and 
cause pain. Here we observed an increase in the expression of pro-in-
flammatory cytokines in the joint tissue, reflecting the duration of joint 
swelling that was similar at both ages. High levels of TNFα, IL1β and 
IL6 were found on day 3 after the induction of monoarthritis in the 
ankle joints of both juvenile and peri-pubertal rats, which coincided 
with the peak of active swelling and pain behaviours. There were some 
age-related differences in joint cytokines at day 3, our findings indicate 
greater TNFα increase in peri-pubertals and greater IL6 increase in 
juveniles, and suggest age-dependent cytokine modulation of pain and 
inflammatory processing. Nonetheless, expression of TNFα, IL1β and 
IL6 in the joints resolved by day 14 and are unlikely to explain the 

difference in prolonged pain behaviour observed in juvenile animals. 
Using in vivo electrophysiology to record the activity of spinal dorsal 

horn neurons, we observed hyperexcitability following induction of 
ankle joint monoarthritis, as measured by increased spontaneous firing, 
responses to suprathreshold vFh, pinch evoked firing and expanded 
cutaneous receptive fields. These are all features of central sensitization 
of nociceptive circuits associated with inflammatory pain (Woolf and 
King, 1990; Li et al., 1999). Importantly we discovered a difference in 
the time course of monoarthritis induced neuronal hyperexcitability 
between juvenile and peri-pubertal rats, which was longer lasting and 
more widespread, involving both ipsilateral and contralateral neurons 
in juvenile rats. 

Of note, baseline neuronal hyperexcitability in the spinal pain cir-
cuit is a feature in juvenile animals, due to delayed maturation of 
segmental and descending inhibitory pathways (Hathway, 2009). This 
was reflected in the steady increase in mechanical sensory thresholds 
observed in our P21 behavioural studies. However, dorsal horn and 
behavioural responses to surgical incision (Walker et al., 2009; Ririe 
et al., 2008) or to non-arthritic carrageenan inflammation at P21 are 
not significantly greater than in adults (Torsney and Fitzgerald, 2002). 
Therefore, the spinal neuronal hyperexcitability observed in this study 
is a direct consequence of joint inflammation rather than develop-
mental regulations. 

Joint inflammation and subsequent activation of nociceptors leads 
to the activation of microglia within the spinal cord (Shan, 2007). These 
microglia and their production of cytokines within the spinal 

Fig. 4. The effect of spinal IL6 blockade on mechanical pain hypersensitivity in juvenile (P21) rats following CFA injection into the ankle at baseline. Anti- 
IL6 antibody (3, 10 and 30 ng in 10 μL per injection) was administered intrathecally on day 7, 8 and 9. Sensory behavioural tests were performed one day after each 
injection. (n = 4 for saline, n = 5 for each dose of anti-IL6. (A) Anti-IL6 alleviated weight bearing deficits (p  <  0.05, interaction between treatment and time, two- 
way ANOVA), the weight borne on the inflamed side increased on day 11, 14 and 17 after 3 injections of anti-IL6 (30 ng). (B, C) Anti-IL6 did not alter the mechanical 
sensitivity in the hindpaw. (D) 10x Image of IB4 and cFos immunoreactivity in the spinal cord (left panel), 60x image of cFos immunoreactivity (right panel). (E) 
Representative image of cFos immunoreactivity in the sDH and dDH of CFA injected animals, after either intrathecal injections of saline or 30 ng of anti-IL6 antibody 
(N = 5/group). (F) Analysis of cFos immunoreactivity revealed significant decrease in cFos immunopositive cells after anti-IL6 (P  <  0.0001). ipsi = ipsilateral, 
contra = contralateral, sDH = superficial dorsal horn, dDH = deep dorsal horn. Data are presented as mean  ±  SEM. *p  <  0.05, ***p  <  0.001 and 
****p  <  0.0001 are compared with saline controls. 
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nociceptive circuits can induce hyperexcitability of neurons through the 
increase of excitatory postsynaptic currents and the decrease of in-
hibitory postsynaptic currents (Kawasaki, 2008). Over time this can 
lead to a sensitisation of spinal neurons and the chronification of pain 
(Choy and Panayi, 2001; Schaible, 2010). The enhanced dorsal horn 
hypersensitivity and prolonged pain behaviour following P21 ankle 
joint monoarthritis could be explained by a difference in microglia 
activation and cytokine release at this age. Microglia proliferate in the 
CNS until P20-30 before reaching a stable state at P40 (Mosser, 2017). 
In addition, microglial activation and cytokine release following per-
ipheral nerve injury are known to be developmentally regulated (Beggs, 
2012; Vega-Avelaira et al., 2009) with evidence that the neuroimmune 
response profile in the dorsal horn following nerve injury switches from 
anti- to pro-inflammatory after P21 in rats and mice (McKelvey, 2015). 

Here we found high levels of TNFα, IL1β and IL6 in the spinal cord, 
at both 3 and 14 days after the induction of monoarthritis, which 
mirrored the time course of neuronal hyperexcitability in the spinal 
cord and joint inflammatory pain behaviours, strongly supporting a role 
of spinal cord cytokines in the generation of pain (Vazquez, 2012). 
Increases in the expression of pro-inflammatory cytokines were ob-
served in both the ipsilateral and contralateral dorsal horn, consistent 
with the bilateral increase in spinal cord neuronal hyperexcitability, 
beyond the affected joint. Our western blot experiments showed mul-
tiple bands of target cytokine expression, suggesting the involvement of 
both cleaved and precursor forms of TNFα, IL1β and IL6. Global hy-
peralgesia is a particular feature of pain in patients suffering from JIA 
(Cornelissen, 2014; Hogeweg, 1995) and the spread of cytokine release 
and central sensitisation along the spinal cord could be an explanation 
for this. 

The increase in IL6 was notably stronger and longer lasting in ju-
venile rats compared to peri-pubertal rats, which suggests that spinally 
released IL6 plays an important role in maintaining juvenile joint in-
flammatory pain. When a specific IL6 antibody was administered in-
trathecally, daily from 7 to 9 days after the induction of monoarthritis, 
established weight bearing pain behaviours were alleviated in juvenile 
rats. The effect of spinal IL6 inhibition observed in this study was only 
partially dose dependent. Our observation in the concomitant reduction 
in cFos (marker of recent neuronal activity) immunoreactivity suggests 
that the alleviation in pain behaviours were in part mechanistically 
related to a decrease in spinal neuronal activity. Previous reports have 
shown that injections into the lumbar intrathecal space of Sprague 
Dawley rats remained on the spinal cord with minimal leakage to the 
dorsal root ganglia (DRG) (Chang, 2016). However, intrathecal injec-
tion of the anti-IL6 antibody could also affect cytokine production and 
release in the DRG by either resident or infiltrating immune cells 
(Ledeboer, 2007). Future studies on the subpopulation of spinal neu-
rons impacted by joint inflammation, and the immune responses at the 
level of the DRG would add to the understanding of pain behaviours in 
juvenile joint inflammatory pain (Koch et al., 2018). 

The role of IL-6 within juvenile arthritis requires further investiga-
tion but we provide a proof that inhibition of spinally release cytokine 
is a potential analgesic target, for juvenile arthritis patients whose 
disease is well controlled but still suffer from high levels of pain. 
Current JIA biologic treatments do not cross the blood brain barrier and 
therefore have limited actions on the activity of central nociceptive 
circuits (Robinson et al., 2001). Future therapeutic strategies should 
consider the prolonged time course of central sensitisation in JIA and 
target CNS neuroimmune activity and central IL-6 release to relieve 
pain. 

Our study provides a preclinical understanding of juvenile joint 
inflammatory pain, which was previously lacking. We demonstrate in a 
rodent model that age-related mechanisms underlie joint inflammatory 
pain. Juvenile arthritic joint pain is more prolonged and associated 
with greater central sensitization due to a long-lasting release of IL-6 
into the spinal cord. 
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