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Neuropathic pain is triggered by injury to the somatosensory system, and is one of the 

most important types of chronic pain. Nevertheless, critical pathophysiological 

mechanisms that maintain neuropathic pain are poorly understood. Here, we show 

that neuropathic pain is abrogated when the kynurenine metabolic pathway 

(KYNPATH) initiated by the enzyme indoleamine 2,3-dioxygenase (IDO) is ablated 

pharmacologically or genetically. Mechanistically, it was found that IDO upregulation 

in dendritic cells that accumulate in the dorsal root leptomeninges led to increased 

levels of kynurenine (Kyn) in the spinal cord, where Kyn is metabolized by 

astrocytes-expressed kynurenine-3-monooxygenase into a pro-nociceptive metabolite 

3-hydroxykynurenine. Ultimately, 3-hydroxyanthranilate 3,4-dioxygenase-derived 

quinolinic acid, the final step of the canonical KYNPATH, is also involved in 

neuropathic pain development through the activation of glutamatergic NMDA 

receptor. In conclusion, these data reveal a novel role for KYNPATH as an important 

factor maintaining neuropathic pain during neuroimmune-glia cell interactions. This 

novel paradigm offers potential new targets for drug development against this type of 

chronic pain.   
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Neuropathic pain is one of the most clinically relevant types of chronic pain. It is 

generally caused by direct damage to the somatosensory nervous system. Although 

several pathophysiological mechanisms that generate neuropathic pain have been 

described, developing effective treatments remain a challenge1. Among the 

mechanisms involved in the development and maintenance of neuropathic pain, 

neuron-glial cells (microglia/astrocytes/oligodendrocytes) interactions in the spinal 

cord seem to play a crucial role through the amplification of central sensitization2. 

More specifically, glial cells-derived mediators that enhance glutamatergic 

transmission in spinal cord neurons are thought to maintain neuropathic pain2,3.  

The kynurenine (Kyn) metabolic pathway (KYNPATH) is a catabolic system linked 

to pathophysiological processes4,5. For instance, disturbances in KYNPATH have 

been implicated in several human diseases such as depression, schizophrenia, 

Alzheimer's and Huntington`s diseases6,7. Bioactive kynurenines (including Kyn 

itself) are generated by oxidative catabolism of the essential amino acid tryptophan 

mediated by indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase 

(TDO) in peripheral tissues and the central nervous system (CNS)8–10. In addition, 

Kyn can be converted to several downstream kynurenine metabolites, such as 3-

hydroxykynurenine (3-Hk), 3-hydroxyanthranilic acid (3-Haa) and quinolinic acid 

(QA), which are mainly mediated by two downstream enzymes, kynurenine-3-

monooxygenase (KMO) and 3-hydroxyanthranilic acid dioxygenase (HAAO), 

respectively (Fig. 1a)11–13. Kynureninase is also involved in the conversion of 3-Hk 

into 3-Haa (Fig. 1a)5. On the other hand, Kyn can be also metabolized in a side arm 

by kynurenine aminotransferases (KATs) into kynurenic acid (Kyna) (Fig. 1a)14. 

These “kynurenines” are biologically active in both the periphery and CNS. The 

upregulation of KYNPATH is generally a consequence of immune and glial cells 
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activation in either the periphery or the CNS, respectively4,15. Elevated levels of 

kynurenine metabolites in the CNS, especially 3-Hk and QA might cause neuronal 

disfunction and damage, which are dependent on an increase in oxidative stress and 

NMDA glutamatergic receptors activation, respectively16,17. Although the 

participation of KYNPATH in the pathophysiology of neuropathic pain has been 

investigated, these few studies produced discrepant results18–20. Furthermore, none of 

them deeply investigated the cellular and molecular underlying mechanisms.   

Considering these points, in the present study we used a series of genetic, biochemical 

and pharmacological approaches to investigate the role of KYNPATH for the 

development of neuropathic pain. Here, we show that the neuropathic pain is 

abrogated when the KYNPATH is pharmacologically or genetically ablated. 

Mechanistically, peripheral nerve injury induced an upregulation of IDO1 in dendritic 

cells (DCs) that accumulate into the dorsal root leptomeninges (DRL) leading to an 

increase in the levels of Kyn in the spinal cord. In the spinal cord, Kyn is metabolized 

by astrocytes-expressed KMO into a pronociceptive metabolite 3-Hk. Ultimately, we 

found that HAAO-derived QA also mediated neuropathic pain through activation of 

glutamatergic NMDA receptors. These findings elucidate the crucial role of 

KYNPATH in the maintenance of neuropathic pain and also pointed out novel targets 

for the development of drugs for neuropathic pain control. 
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Results 

Peripheral nerve injury-induced neuropathic pain depends on IDO1   

Peripheral nerve injury triggers the activation of glial cells in the spinal cord which 

participate in the development of neuropathic pain through the production of a vast 

range of pro-nociceptive mediators21,22. Given that KYNPATH, specially IDO1 is 

generally up-regulated by inflammatory mediators23, we firstly hypothesized that the 

neuro-immune response in the spinal cord after peripheral nerve injury could promote 

the upregulation of IDO1 and consequently the KYNPATH that in turn could 

participate in development of neuropathic pain. To test this initial hypothesis, we used 

a well-established model of peripheral nerve injury-induced neuropathic pain, the 

spared nerve injury model (SNI)24 which produced mechanical and cold allodynia 

from 3 days after nerve injury until experimental endpoints (day 21), as well as a 

robust activation of microglial cells in the spinal cord when compared to sham-

operated mice (Fig. 1b and c, and Supplementary Fig. 1). The development of SNI-

induced neuropathic pain was associated with increased expression (mRNA and 

protein) and activity of IDO1 in the ipsilateral dorsal horn of spinal cord (Fig. 1d-g). 

To examine the involvement of IDO1 in neuropathic pain development, firstly we 

tested the phenotype of Ido1 null (-/-) mice in SNI-induced mechanical and cold 

allodynia. Notably, Ido1-/- mice developed mechanical allodynia at earlier stage after 

SNI (3 days after surgery), however, pain hypersensitivity began to ameliorate from 

day 7 to 28 after surgery (Fig. 2a). However, no difference was observed in SNI-

induced cold allodynia between Ido1-/- and wild type (WT) mice (Fig. 2b). 

Importantly, Ido1-/- mice exhibited normal thermal pain thresholds (over temperatures 

ranging from 48-56°C) compared to WT mice (Fig. 2c). Furthermore, compared to 

WT mice, Ido1-/- mice also showed no difference in either total nociceptive behavior 
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in the first and second phases after the formalin injection (Fig. 2d) or the carrageenan-

induced mechanical inflammatory pain hypersensitivity (Fig. 2e). Besides, Complete 

Freund Adjuvant (CFA)-induced mechanical and thermal pain hypersensitivity in 

Ido1 -/- mice did not differ from to WT mice (Fig 2 f,g). Secondly, WT mice were 

pharmacologically treated once, at peak of IDO1 expression (14 days after SNI), with 

two different IDO1 inhibitors, 1-methyl-tryptophan (1-MT) and norharmane25. 

Corroborating the genetic data, both IDO1 inhibitors transiently reduced SNI-induced 

mechanical allodynia in a dose-dependent manner (Fig. 2h,i). Continuous high dose 

of 1-Mt treatment for one week (twice a day from day 14 to 20 after SNI) blocked 

mechanical allodynia over the treatment period (Supplementary Fig. 2a). 

Importantly, mechanical allodynia returned to the same level of SNI control group 2 

days after the suspension of 1-MT treatment (Fig. 1e), indicating that IDO1 inhibition 

relieved but did not resolve mechanical allodynia (Supplementary Fig. 2a). 

Furthermore, a single treatment of mice with 1-MT at 21 days after SNI induction 

also reduced mechanical allodynia (Supplementary Fig. 2b). It is noteworthy that a 

potential role for the IDO1 in the activation of microglial cells in the spinal cord 

(ipsilateral dorsal horn) after peripheral nerve injury was ruled out since Aif1 (IBA-1 

gene) and Cx3cr1 expression (marker of microglial cell activation) was comparable in 

WT and Ido1-/- mice over a time course after SNI (Supplementary Fig. 3a, b, d). 

Noteworthy, we did not find any change in the marker of astrocytes activation (glial 

fibrillary acidic protein, Gfap) in the ipsilateral dorsal horn of the spinal cord after 

SNI even in the WT mice (Supplementary Fig. 3c). Collectively, these data indicate 

that IDO1 is involved in the maintenance of neuropathic pain but has no participation 

in nociceptive or inflammatory pain. Furthermore, they indicate that IDO1-derived 

kynurenines have no participation in microglial cell activation in the dorsal horn of 
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the spinal cord after peripheral nerve injury.  

 

IDO1 expressed in hematopoietic cells mediates neuropathic pain development.   

Despite indications of IDO1 protein expression in spinal cord from western blot 

analyses (Fig. 1e), no significant immunostaining for IDO1 was observed in the 

spinal cord after SNI (data not shown). However, perfusing (PBS) mice before spinal 

cord harvesting, eliminated IDO1 protein expression in the spinal cord as assessed by 

western blot (Fig. 3a). This suggested that IDO1, which is playing a role in the 

maintenance of neuropathic pain, is not expressed (upregulated) in the spinal cord 

resident cells, rather it is within the vasculature in the circulating (blood) immune 

cells. In line with this hypothesis, systemic plasma levels of Kyn increased after SNI 

and peaked 14 days after peripheral nerve injury (Fig. 3b). Corroborating the idea that 

IDO1 is up regulated in leukocytes after peripheral nerve injury, IDO1 expression 

(mRNA and protein) increased in the draining lymph nodes (dLNs) correspondent to 

nerve injury (popliteal and inguinal) (Fig. 3c and d) but not in the spleen after SNI 

surgery (Fig. 3e). To test if IDO1 expression in immune cells is important for the 

maintenance of neuropathic pain, bone marrow (BM) chimeric mice were generated. 

Irradiated Ido1-/- mice that received BM from Ido1-/- mice were still resistant to SNI-

induced mechanical allodynia when compared to irradiated WT mice that received 

BM from WT mice (Fig. 3f). Adoptive transfer of BM from WT mice to irradiated 

Ido1-/- mice restored mechanical allodynia of irradiated WT mice that received WT 

BM (Fig. 3f). On the other hand, irradiated WT mice receiving BM from Ido1-/- mice 

became resistant to SNI-induced mechanical allodynia (Fig. 3f). These results 

indicate that IDO1 expressed by peripheral hematopoietic cells is essential to maintain 

neuropathic pain after peripheral nerve injury. 
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DCs-expressing IDO1 mediates neuropathic pain 

Next, we sought to identify immune cells expressing IDO1 that contribute to the 

maintenance of neuropathic pain. We and others have identified dendritic cells (DCs) 

as the main immune cell population expressing IDO1 in many pathological conditions 

such as cancer, leukemia, arthritis, viral and bacterial infections26–29. Thus, we 

hypothesized that dendritic cells would be the cellular source of IDO1 that mediates 

neuropathic pain. To test this hypothesis, several approaches were employed. First, 

SNI was induced in CD11cYfp mice and CD11c+ cells (DCs) were isolated from dLNs 

by FACS sorting (Supplementary Fig. 4). Importantly, it was found that Ido1 

expression is higher in CD11c+ cells when compared to CD11c- cells in sham 

operated mice (Fig. 4a). Moreover, SNI-induced upregulation of Ido1 was only 

observed in CD11c+, but not in CD11c- cells (Fig. 4a). Further addressing the 

importance of DCs for neuropathic pain maintenance, transgenic mice expressing the 

diphtheria toxin receptor (DTR) under the control of the CD11c (Itgax) promoter 

(CD11c-DTR-eGFP mice) were used to allow conditional depletion of DCs. As 

CD11c-DTR mice are sensitive to diphtheria toxin (Dtx) due to adverse effects 

causing fatal fulminant myocarditis30, we reconstituted lethally irradiated WT mice 

with BM cells from CD11c-DTR mice (donor) to generate mice that present DTR 

only in CD11c+ cells of the hematopoietic compartment (CD11cDTR/hema mice, Fig. 

4b). Following reconstitution, CD11c+ DCs can be depleted in these mice by the 

administration of Dtx 25. No adverse effects are associated with the chronic 

administration of Dtx to CD11cDTR/hema chimeric mice 26. Two months after BM 

reconstitution, SNI or sham surgery was performed in CD11cDTR/hema mice followed 

by the treatment with Dtx or vehicle. Conditional depletion of DCs in CD11cDTR/hema 

by Dtx treatment significantly reduced mechanical allodynia after SNI (Fig. 4c). 
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FACS analysis of dLNs confirmed that Dtx treatments depleted CD11c+ DCs (Fig. 

4d). Importantly, Dtx treatment had no effect on mechanical threshold or mechanical 

allodynia in WT mice either after sham or SNI surgery, respectively (Supplementary 

Fig. 5). The population of CD11c+ DCs in draining lymph nodes increased after SNI 

compared to sham operated mice (Fig. 4d), suggesting that nerve injury per se incited 

greater influx of DCs into dLNs. Additionally, SNI-induced IDO1 up-regulation was 

not observed in dLNs of DC-depleted mice (Fig. 4e). To further confirm that DCs-

expressing IDO1 are important for the maintenance of neuropathic pain caused by 

peripheral nerve injury, in vitro differentiated BMDCs were generated and transferred 

(Fig. 4f)31. Whereas Ido1-/- mice are resistant to SNI-induced mechanical allodynia, 

Ido1-/- mice that received the transference of WT BMDCs became susceptible (Fig. 

4g). Collectively, these results indicate that IDO1 is up regulated in periphery DCs 

and plays an important role in the maintenance of neuropathic pain after peripheral 

nerve injury. 

 

DCs-expressing IDO1 accumulate into DRL and mediates neuropathic pain  

There is evidence in the literature that peripheral immune cells (e.g. T cells) fail to 

infiltrate the spinal cord after peripheral nerve injury, but they might 

infiltrate/accumulate into the DRL of the somatosensory pathways32–34. These DRL-

infiltrating leukocytes, specially CD4+ αβ T cells, play a role in the development of 

neuropathic pain32. After peripheral nerve injury, there is also an accumulation of 

CD45+ cells, specially macrophages into the dorsal root ganglion (DRGs)35,36. 

Therefore, next, we sought to investigate whether DCs-expressing IDO1 would be 

also able to infiltrate/accumulate into the DRL or even the DRGs. Initially, we 
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harvested DRGs (L3-L5) together with corresponding DRL and analyzed the 

expression of IDO1 after SNI induction. Western blotting analyses showed that the 

expression of IDO1 is upregulated in these tissues, peaking at 14 days after SNI 

induction (Fig. 5a). We then went on to assess the localization of IDO1 in these 

tissues. IDO1-expressing cells were found to increase in the vicinity of DRGs, which 

was assumed the DRL, but there were no obvious IDO1-expressing cells in the 

parenchyma of L4-5 DRGs (Fig. 5b,c). Since IDO1-expressing cells are found in the 

DRL after SNI and leukocytes in the DRL might influence spinal cord processes32, we 

sought to analyses whether its downstream metabolite (e.g kyn) would be also 

increased in the spinal cord. Mass spectrometry analyses of the dorsal horn of spinal 

cord tissue homogenate revealed an increase in the levels of Kyn in a time- and IDO-

1-dependent manner (Fig. 5d, Supplementary Fig. S6a). Notably, Kyn levels in the 

spinal cord peaked 14 days after SNI, corroborating with the peak of IDO1 expression 

in the DRLs (Fig. 5d).  In order to investigate whether IDO1 expressed in 

accumulated cells in the DRL might participate in the maintenance of neuropathic 

pain, SNI animals (14 days after injury) where intrathecally treated with IDO1 

inhibitor. Notably, SNI-induced mechanical allodynia was inhibited by intrathecal 

treatment with 1-MT in a dose-dependent manner (Fig. 5e). In addition, the 

intrathecal treatment of SNI animals with 1-MT also reduced the levels of Kyn in the 

spinal cord (Supplementary Fig. S6b), indicating that IDO-1-expressing cells in the 

DRL are probably the source of this KYNPATH metabolite detected in the spinal 

cord. 

Following we wanted to evaluate the cell subtype that express IDO-1 in the DRL after 

peripheral nerve injury. Based on our previous data, DCs were our immediately 

hypothesis. Initially, FACS analyses revealed that there is also an increase in CD11c+ 
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cells in the DRL, 14 days after SNI induction (Fig. 6a). Remarkably, IDO1-

expressing cells that accumulate in the DRL after SNI induction also express CD11c 

(Fig 6b). Notably, IDO-1-expressing cells in the DRL did not express a classical 

marker of macrophages (IBA-1, Fig. 6c). These results might confirm that CD11c+ 

cells-expressing IDO-1 that accumulate into DRLs after SNI are DCs. In attempt to 

eliminate and confirm the participation of CD11c-expressing IDO1 in the DRLs for 

the maintenance of neuropathic pain, SNI model was induced in CD11c-DTR mice. 

After 13 days, these mice were intrathecally treated with DTx or vehicle and 

mechanical allodynia was determined followed by the examination of IDO1 

expression. We found that this treatment reduced SNI-induced mechanical allodynia 

(Fig. 6d), which was associated with a reduction of IDO1 expression in DRLs (Fig. 

6e). Collectively, these results indicate that DCs-expressing IDO1 accumulate in the 

DRLs and mediates the maintenance of neuropathic pain.  

 

Spinal astrocytes expressing KMO mediates the maintenance of neuropathic 

pain  

Next, we investigated the mechanisms by which IDO1 activity in the DRL maintains 

neuropathic pain. As we showed before, the accumulation of DCs-expressing IDO-1 

in the DRLs rendered increased levels of Kyn in the spinal cord after peripheral nerve 

injury. So, next we investigated whether this spinal cord Kyn would be directly 

involved in the maintenance of neuropathic pain. In addition, as Kyn in the CNS is 

rapidly converted into downstream metabolites37, we might also hypothesized that 

Kyn that reached spinal cord after peripheral nerve injury could be converted into 

downstream neuroactive metabolites (e.g. 3-Hk and 3-Haa) and these metabolites 
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directly account for the maintenance of neuropathic pain. To gain further information 

about these possibilities, initially we tested the ability of Kyn and its immediate 

downstream metabolites, 3-Hk and 3-Haa to produce mechanical pain 

hypersensitivity when injected intrathecally in naïve animals. When equimolar doses 

of these molecules where injected, it was found that only 3-Hk produced robust 

mechanical pain hypersensitivity (Fig. 7a and Supplementary Fig. 7).   

The results showing that 3-Hk possess more potent pronociceptive activity than Kyn 

lead us to consider that IDO1 downstream metabolites other that Kyn (e.g. 3-Hk) 

would be more important for the maintenance of neuropathic pain. Because KMO is 

the rate-limiting downstream enzyme in the KYNPATH that oxidatively metabolizes 

Kyn into 3-Hk4, next we hypothesized that Kyn that reaches spinal cord might be 

metabolized by KMO to generate downstream pronociceptive factors, such as 3-Hk, 

which might be involved in the maintenance of neuropathic pain. Consistent with this 

hypothesis, KMO downstream metabolite, 3-Hk, levels increased in the ipsilateral 

dorsal horn of the spinal cord after SNI induction (Fig. 7b), which was dependent on 

IDO1 activity in the DRLs (Supplementary Fig. S6c). This was also associated with 

an increase in KMO expression (mRNA and protein) in the ipsilateral dorsal horn of 

the spinal cord after SNI induction (Fig. 7c-e). Notably, no significant changes in the 

levels of Kyna were observed in the spinal cord after SNI, although the ratio 3-

Hk/Kyna increased significantly (Supplementary Fig. 8 a and b). Additionally, we 

found that pharmacological treatment (intrathecally) with KMO inhibitor Ro 61-

804838 also reduced SNI-induced mechanical allodynia in a dose-dependent manner 

(Fig. 7f). Furthermore, intrathecal treatment with shRNA against KMO also reduced 

SNI-induced mechanical allodynia (Fig. 7g).  

In order to characterize which spinal cord cell subtype might be expressing KMO and 
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would be important for the production of 3-Hk, a series of experiments were 

performed. Firstly, immunofluorescence of spinal cord slices from SNI animals, 

revelated that KMO expression was detected exclusively in glial fibrillary acidic 

protein (GFAP)+ cells (Fig. 8a; Supplementary Fig. 9, Movie 1) but not in IBA-1+ 

microglia (Fig. 8a; Supplementary Fig. 9, Movie 2) nor NeuN+ neurons (Fig. 8a; 

Supplementary Fig. 9, Movie 3), indicating selective KMO expression by astrocytes, 

which are in close contact with spinal cord neurons (Movie 3). Next we performed 

cells sorting analyses of microglia and astrocytes from spinal cord39,40 followed by the 

analyses of Cx3cr1, Gfap and Kmo expression (Fig. 8c-e). Supporting the 

immunofluorescence data, we found that Kmo mRNA expression is higher in 

astrocytes than microglial cells (Fig. 8e). To further support these data, pure primary 

astrocytes from newborn mouse cortex (Supplementary Fig. 10) were culture and the 

expression of KMO was analyzed. Activation of primary culture astrocytes with TNF 

or microglia conditional medium (MCM) induced an upregulation in the expression 

(mRNA and protein) of KMO (Fig. 9a-c). Importantly, activation of differentiated 

U87-MG, an immortalized human astrocytic cell line41, induced the increase in the 

expression of KMO (Fig. 9d). Finally, we sought to confirm whether KMO expressed 

in spinal cord astrocytes is important for the maintenance of neuropathic pain. For 

that, we knocked down the expression of KMO specifically in astrocytes using a 

lentivirus-delivered shRNA (shKMO) expressed under the control of the Gfap 

promoter (Fig. 9e)42,43. The lentivirus was administered intraspinal44 10 d and 13 days 

after SNI induction; a lentivirus  carrying  a  nontargeting  shRNA  was  used  as  a  

control (sh scramble). KMO silencing in spinal cord astrocytes (Fig. 9f) reduced SNI-

induced mechanical allodynia (Fig. 9g). Collectively, these results indicated that after 

peripheral nerve injury astrocytes expressing KMO mediates the maintenance of 
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neuropathic pain probably through conversion of Kyn into downstream 

pronociceptive factors, such as 3-Hk. 

HAAO-derived QA also play a role in the maintenance of neuropathic pain.  

The final step in the kynurenine pathway is generation of QA mediated by HAAO45. 

So next, we tested whether HAAO-dependent production of QA might be also 

involved in the maintenance of neuropathic pain. SNI-induced acute (earlier time 

points) mechanical allodynia developed in Haao-/- mice similar to littermates, but 

unlike WT mice, Haao-/- mice became resistant to mechanical allodynia after this 

initial period (Fig. 10a). Supporting the role HAAO/QA axis in the development of 

neuropathic pain, we found significative increased levels of QA in the dorsal horn of 

the spinal cord ipsilateral to SNI surgery (Fig. 10b). Next we sought to identify the 

cellular source of Haao in the nociceptive pathway. For that, we took advantage of the 

whole preparation containing the lumbar spinal cord together with, DRLs and DRGs 

(L3-L5) (Fig. 10c). With this preparation, it is possible to observe a massive increase 

of cells in the ipsilateral side of DRLs related to SNI surgery (Fig. 10c). Notably, the 

analyses of mRNA using in situ hybridization (RNAscope) revealed that these DRLs-

accumulating cells express Haao (Fig. 10c and d). Immunostaining also revealed 

HAAO protein in the same cells DRLs’ cells (Fig. 10c). Additionally, these cells 

expressing HAAO in the DRLs also express CD11c (Fig. 10c), indicating that similar 

to IDO1, HAAO is also expressed in DCs. Further supporting the role of HAAO 

expressed in the DRLs for the maintenance of neuropathic pain, we found that 

intrathecal injection of a pharmacological inhibitor (4-chloro-3-hydroxyanthranilate 

46) of HAAO reduced mechanical allodynia (Fig. 10e).     

Since genetic and pharmacological inhibition of HAAO reduced neuropathic pain and 
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the levels of QA increase in the spinal cord after SNI induction, we hypothesized that 

QA in the spinal cord is likely playing a role in this process. In support of this, 

intrathecal QA injection promoted mechanical allodynia in naïve WT mice in a dose-

dependent manner (Fig. 11a). Intrathecal QA injection also promoted comparable 

levels of mechanical allodynia in WT, Ido1-/-, Haao+/+ and Haao-/- mice  

(Supplementary Fig. 11 a and b), suggesting QA as the last step of KYNPATH that 

maintain neuropathic pain. Enhanced NMDA glutamatergic transmission in the spinal 

cord maintains neuropathic pain47. Since QA is a well-known activator of NMDA 

receptors16, next we analyzed whether this mechanisms is valid for the pro-

nociceptive effect of QA in the spinal cord. Notably, pronociceptive activity of 

intrathecal injected QA was prevented by treatment with MK801, a NMDA receptor 

antagonist (Fig. 11b). MK801 also alleviated SNI-induced mechanical allodynia 

(Supplementary Fig. 12). Neuronal patch-clamp recording in spinal cord slices was 

employed to further explore the effects of QA and NMDA signaling. In whole-cell 

voltage clamp recordings, QA application triggered an inward current when applied to 

the slice (Fig. 11c). This effect was reversible and concentration-dependent (Fig. 11d 

and e and Supplementary Fig 13 a,b). Along with the inward current, the peak-to-

peak noise of the baseline current also increased in the presence of QA, manifesting 

as augmented variance of the recorded trace (Fig. 11c and e). To test whether QA 

effect on spinal cord neurons depends on NMDA receptors to promote inward current, 

we added an NMDA receptor antagonist, D-AP5, to the bath along with QA. D-AP5 

abolished the QA-induced current completely and increased peak-to-peak noise (Fig. 

11f and g), indicating that QA causes increased membrane conductance through 

NMDA receptors. Collectively, these results indicate that HAAO-derived QA 

mediates neuropathic pain after SNI through activation of NMDA receptors.   
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Discussion  

Peripheral nerve injury-induced neuropathic pain development depends on complex 

multifactorial pathophysiological processes1,43,48. It is thought that the knowledge of 

the cellular and molecular mechanisms involved the transition from acute to chronic 

neuropathic pain after peripheral nerve injury would be the best way to discovery 

novel targets for its control and/or prevention49,50. In this context, in the present study 

we investigated the potential role of KYNPATH in the development of neuropathic 

pain followed peripheral nerve injury. We found that pharmacological or genetic 

inhibition of crucial canonical enzymes of KYNPATH (IDO1 and KMO) reduced 

stablished neuropathic pain. We also found that after peripheral nerve injury there is 

an accumulation of DCs-expressing IDO1 into the DRLs which promotes an increase 

in the spinal cord levels of Kyn. Kyn is subsequently metabolized into a potent pro-

nociceptive molecule, 3-Hk, by astrocytes-expressing KMO. Finally, we also identify 

that HAAO-dependent QA, one of the last KYNPATH metabolites, also mediates the 

maintenance of neuropathic pain. These data indicate a novel important mechanism of 

neuro-immune-glia crosstalk in the pathophysiology of neuropathic pain induced by 

peripheral nerve injury.  

The participation of KYNPATH in the development of pathological pain has been 

investigated18–20,27,51. For instance, IDO1 genetic deficiency and pharmacological 

inhibition alleviate arthritic pain51.  Furthermore, we have also shown the 

participation of IDO1 in the genesis of virus infections-incite pain hypersensitivity27. 

Regarding neuropathic pain, the participation of KYNPATH, at least of IDO1, is 

controversial18–20. Whereas intrathecal treatment with 1-Mt reduced mechanical 

allodynia triggered by peripheral nerve injury in rats, supporting our findings, Ido1-/- 

mice developed mechanical allodynia similar to WT mice18,20, which is in contrast to 
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our data. Although the explanation for this discrepancy is not immediately apparent, 

we can speculate some possibilities, such as animal colony with different microbiota, 

different method to quantify mechanical allodynia (up and down method versus 

absolute threshold). Nevertheless, similar to our findings none of these studies 

detected expression of IDO1 in the spinal cord after peripheral nerve injury18,20, but 

they found IDO1 up-regulation in the DRGs in rats20 and systemic plasma increase of 

kyn levels in SNI mice18. SNI-induced neuropathic pain is mainly characterized by 

the development of mechanical and cold allodynia52. Interestingly, KYNPATH seems 

to be involved only in SNI-induced mechanical allodynia but not in cold allodynia. It 

is in line with recent evidence suggesting that neuro-immune interactions are 

important for SNI-induced mechanical allodynia whereas has no role in the 

development of cold allodynia52. 

Here we provided additional evidence on the mechanisms by which IDO1 is up 

regulated in the DRGs after peripheral nerve injury. Indeed, we found that IDO1 is 

expressed in DCs that accumulate into DRL. Corroborating, accumulation of 

peripheral leukocytes into the DRL after peripheral nerve injury has been 

demonstrated32,53,54. For instance, CD4+ Th1 cells generated in the draining lymph 

nodes of the peripheral nerve injury accumulate in the DRL and drive glial and 

neuronal chances in the spinal cord that in turn mediate neuropathic pain 

development32. Thus, our study provides evidence that not only T-cells are able to 

accumulate in the DRLs, but also DCs. Although our data did not provide evidence 

about the exact origin of these IDO-1-expresssing DCs that accumulate into DRLs, 

the fact that the population of these cells also increased in the draining lymph nodes 

and the spinal cord circulatory system would indicate they might be generated 

peripherally and infiltrate into DRL. Nevertheless, we could not discard that 
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cerebrospinal meninges resident DCs55 could also migrate toward DRL after nerve 

injury. Further studies are necessary to elucidate this point. 

Another intriguing finding of our study was the role of KMO expressed by astrocytes 

in the maintenance of neuropathic pain. KMO expression has been identified mainly 

in neurons and microglial cells, at least in the brain56–59. Furthermore, the stimulation 

of primary culture of microglia with LPS, but not of astrocytes, increased the 

expression of KMO19. On the other hand, there is evidence that KMO is expressed in 

astrocytes of the spinal cord and of the forebrain59. Herein we used a considerable 

number of different approaches to show that in the spinal cord, KMO is mainly 

expressed and upregulated in astrocytes after peripheral nerve injury. Furthermore, 

the specific knockdown of KMO in spinal cord astrocytes was able to reduce 

mechanical allodynia triggered by peripheral nerve injury, indicating its role in the 

maintenance of neuropathic pain. Supporting the importance of KMO in maintenance 

of neuropathic pain, we also provided evidence that its main downstream metabolite, 

3-Hk, is a very potent pro-nociceptive molecule. The fact that 3-Haa weakly produced 

mechanical allodynia when compared with its upstream precursor, 3-Hk, might 

indicate that 3-Hk is one of the final directly acting pronociceptive mediator. It is 

important to point out that targeting KMO, for instance with pharmacological 

inhibitor, besides to inhibit the formation of the pro-nociceptive 3-Hk, it could also 

divert KYNPATH into the formation of an antinociceptive molecule, KYNA60. In 

fact, KYNA has been considered a neuroprotective endogenous antagonist of NMDA 

with analgesic properties60,61. Additionally, more recently KYNA has been also 

identified as an endogenous agonist of GPR35 which is also a possible alternative 

mechanism to control pathological pain62–64. Another important point that emerge 

from our results is regarding the possible mechanisms by which 3-Hk promotes pain 
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hypersensitivity. Although the direct biding sites for 3-Hk are not known, several 

studies indicate its ability to trigger the formation of toxic free radicals, especially 

superoxide and hydrogen peroxide, mitochondrial damage that in turn leading to 

neuronal dysfunction65–68. Importantly, all these mechanisms are important for the 

development of neuropathic pain69–75. Therefore, we might suggest that the increase 

of KMO-dependent 3-Hk in the spinal cord after peripheral nerve injury would be a 

possible driver of oxidative stress in neuropathic pain development.  

Our final results indicate that besides KMO-derived 3-Hk, HAAO-dependent QA is 

also involved in the maintenance of neuropathic pain. Furthermore, in agreement with 

the well-recognized biological function of QA16, its pronociceptive activity in the 

spinal cord, was also dependent on glutamatergic NMDA receptors. Noteworthy, 

there is evidences that 3-Hk and QA synergistically induced neuronal changes and 

death, which would be occurring in neuropathic pain76,77. Our study also advances in 

the identification of the cellular source of HAAO/QA. Similarly we have found for 

IDO1, HAAO was also identified in DCs that accumulate in the DRLs after peripheral 

nerve injury.  Noteworthy, the lack of HAAO expression in the sham-operated mice 

might explain why the intrathecal injection of 3-Haa did not produce mechanical 

allodynia in naïve animals, since the exogenous 3-Haa is not metabolized into the 

pronociceptive QA. These results also pointed out the critical role of meningeal DCs 

as an important cellular source of KYNPATH enzymes and metabolites that affects 

neuronal function. In our knowledge, this is a previously unrecognized neuro-immune 

interaction and could be also involved in additional diseases of the central nervous 

system.        

Neuropathic pain can be triggered by several different types of nerve injury or 

diseases of the somatosensory nervous system1,78,79. It varies from chronic pain 
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caused by physical trauma, as has been mimicked here (SNI model), up to metabolic 

disorders (eg. Diabetes), infection (eg. HIV) and chemically-induced (e.g. cancer 

chemotherapy)80. Although there is some common pathophysiological mechanism 

involved in the development of these neuropathic pain subtypes, they also have 

specific not-shared mechanisms48,81–83. Although we did not investigate the 

participation of KYNPATH in other models of neuropathic pain, there is evidence 

indicating an upregulation of KYNPATH in some diseases that lead to neuropathic 

pain development, such as diabetes84 and HIV85. For instance, there is an increased 

concentration of the 3-Hk in the CNS of HIV-1 patients86. In addition, KYNPATH 

enhancement is generally observed in different types of cancer, important clinical 

conditions, in which pain has a neuropathic component87–89. Therefore, further studies 

will be necessary to addresses whether KYNPATH is a common mechanism among 

different types of neuropathic pain.      

In summary, in the present study we provided an ample characterization of the role of 

the KYNPATH in the maintenance of neuropathic pain. As depicted in the Fig. 10, 

after a peripheral nerve injury, IDO1 is up regulated in peripheral DCs, which might 

be able to accumulate into DRL leading to an increase in the spinal cord levels of 

Kyn. Kyn is then metabolized locally by astrocytes-expressing KMO into a potent 

pronociceptive molecule 3-Hk (Fig. 11). Ultimately, we found that HAAO-derived 

neuroactive QA also mediates neuropathic pain development. Finally, QA is a 

pronociceptive mediator that might act through enhancing NMDA glutamatergic 

transmission in the spinal cord (Fig. 11). These data reveal a previously unappreciated 

role for the KYNPATH as a critical link between immune system (DCs), spinal cord 

glia cells (astrocytes) and neuronal sensitization to maintain neuropathic pain. These 

mechanisms offer new targets for drug development against this type of chronic pain.  
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Methods 

Animals  

The experiments were performed in C57BL/6 male mice (Wild Type, WT, 20-25 g) 

and mice deficient in the following proteins: indoleamine 2,3 dyoxigenase type-1 

(Ido1-/-)90 and 3-hydroxyanthranilic acid dioxygenase (Haao-/-)45. We generated 

chimeric mice using bone marrow (BM) cells from CD11c-DTR-eGFP transgenic 

mice, which express diphtheria toxin receptor and eGFP under control of Itgax gene 

promoter (Itgax encoding CD11c)91. We also used CD11c-eYFP mice that express 

enhanced yellow fluorescent protein (eYFP) under control of Itgax gene promoter92. 

Transgenic mice expressing the green fluorescent protein (GFP) in cells that express 

CX3C chemokine receptor 1 (CX3CR1GFP/+)93 were used for FACS sorting analyses 

of the microglia and astrocytes in the spinal cord.  Local colonies of transgenic mice 

were then established and maintained on a C57BL/6 background at the animal care 

facility of Ribeirão Preto Medical School, University of São Paulo. Animals were 

taken to the testing room at least 1 h before experiments and were used only once. 

Food and water were available ad libitum. Animal care and handling procedures were 

in accordance with the International Association for the Study of Pain guidelinesS1 for 

those animals used in pain research and they were approved by the Committee for 

Ethics in Animal Research of the Ribeirao Preto Medical School -USP (Process nº 

045/2013 and 120/2018). Four to twelve randomly assigned mice were used per 

experimental group per experiment. Mice were selected based on their genotype. All 

other criteria were not considered and as such, randomized. We were not blinded to 

mice genotypes or group allocations except where it is mentioned. 
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Neuropathic pain model (Spared nerve injury) 

A model of persistent peripheral neuropathic pain was induced as previously 

described24. Under isoflurane (2%) anesthesia the skin on the lateral surface of the 

thigh was incised and a section made directly through the biceps femoris muscle 

exposing the sciatic nerve and its three terminal branches: the sural, common peroneal 

and tibial nerves. The Spared Nerve Injury (SNI) comprised an axotomy and ligation 

of the tibial and common peroneal nerves leaving the remaining sural nerve intact. 

The common peroneal and the tibial nerves were tightly ligated with 5.0 silk and 

sectioned distal to the ligation, removing 2 ± 4 mm of the distal nerve stump. Muscle 

and skin were closed in two layers. For sham-operated mice, the sciatic nerve and its 

branches were exposed without lesioning. Then, mechanical pain hypersensitivity was 

evaluated up to 21 days after the surgery. 

 

Inflammatory pain model  

Mice received an injection of carrageenan (Cg- 100 μg/paw), CFA (10μL) or vehicle 

(saline) subcutaneously into the plantar region of the right hindpaw94,95. Then, 

mechanical96 and thermal (heat)97 pain hypersensitivity was determined at indicated 

time points after stimulus injection. 

 

Behavioral nociceptive tests  

An investigator blinded to group allocation performed all the behaviors tests. 

 

Formalin nociception test 
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We assessed formalin-evoked nociception by injection of 20 µl of formalin (1%) into 

the dorsal surface of the right hind paw of mice. The time in seconds spent licking or 

flinching the injected paw was recorded and expressed as the total nociceptive 

behaviors in the early phase (0–10 min) and late phase (10–50 min) after the formalin 

injection98.  

Thermal Nociceptive Test. 

The latency of paw withdrawal to radiant heat stimuli was measured using a Plantar 

Ugo Basile apparatus (Stoelting), as previously described97. Mice can move freely in 

this apparatus on an elevated glass surface with plastic boxes above as the top cover. 

Mice were given a 1-h acclimation period before testing until they became calm and 

motionless. A calibrated infrared light source of high intensity was applied 

perpendicular on the plantar surface of each mouse’s hind paw. The end point was 

characterized by the removal of the paw followed by clear flinching movements. 

Latency to paw withdrawal was automatically recorded. Each hind paw was tested 

alternately with an interval of 5 min for four trials.  

 

von Frey filament test 

For testing mechanical nociceptive threshold, mice were placed on an elevated wire 

grid and the plantar surface of the ipsilateral hind paw stimulated perpendicularly 

with a series of von Frey filaments (Stoelting, Chicago, IL, USA) with logarithmically 

increasing stiffness (0.008–2.0g). Each one of these filaments was applied for 

approximately 3-4s to induce a paw-withdrawal reflex.  The weakest filament able to 

elicit a response was taken to be the mechanical withdrawal threshold. The log 

stiffness of the hairs is determined by log10 (milligrams) and ranged from 0.903 (8 
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mg or 0.008 g) to 3.0 (1000 mg or 1 g)96,99. 

 

Hot-Plate Test 

The noxious heat thresholds of the hind paws were also examined using the Hot-Plate 

test. Mice were placed in a 10-cm-wide glass cylinder on a hot plate (IITC Life 

Science) maintained at 48°C, 52°C or 56°C. Two control latencies at least 10 min 

apart were determined for each mouse. The latencies in seconds for paws licking or 

jumping for each animal were recorded. To minimize tissue damage, a maximum 

latency (cut-off) was set at 20 s100. 

 

Acetone test 

Mice were placed in a clear plastic box with a wire mesh floor and allowed to 

habituate for 30 minutes prior to testing. Then, 50 μl fluid (acetone) was sprayed on 

the plantar surface of the hind right paw using a syringe of 1 ml (Tuberculin slip tip, 

BD, Franklin Lake, NJ, USA). Paw nociceptive responses, defined as flinching, 

licking or biting of the limb were measured within 1 minute after the application of 

acetone101. 

 

Drugs Administration 

The i.p. administration: the drugs were injected into the ventral portion of the mouse 

close to the abdominal midline using a 1 mL syringe with a needle length of 2.5 cm 

and 0.7 cm gauge.  
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Intrathecal injection: The technique used for intrathecal injection was done as 

described previously102 with modifications. Under isoflurane (2%) anesthesia, mice 

were securely hold in one hand by the pelvic girdle and inserting a BD Ultra-Fine® 

(29G) insulin syringe (BD, Franklin Lakes, NJ, USA) directly on subarachnoid space 

(close to L4–L5 segments) of the spinal cord. A sudden lateral movement of the tail 

indicated proper placement of the needle in the intrathecal space. For all 

administrations was used 5 µl of volume. Then, the syringe was held in the specific 

position for a few seconds and progressively removed to avoid any outflow of the 

substances 

 

Enzymatic assay for IDO activity 

IDO activity was assayed as described in a previous report103. In brief, spinal cord 

tissues (L4-L6 level) were homogenized with a Polytron homogenizer (Kinematica, 

Lucerne, Switzerland) in 1.5 volumes of ice-cold 0.14 M KCl-20 mM potassium 

phosphate buffer (pH 7). The homogenate samples were centrifuged at 7000 X g and 

4°C for 10 min. An aliquot of supernatant was taken for the measurement of IDO 

activity. The reaction mixture contained 50 µl enzyme preparation and 50 µl substrate 

solution. The composition of the substrate solution was 100 mM potassium phosphate 

buffer (pH 6.5), 50 µM methylene blue, 20 µg catalase, 50 mM ascorbate, and 0.4 

mM L-TRP. Post-incubation of the reaction mixture at 37°C, samples were acidified 

with 3% perchloric acid and centrifuged at 7000 X g and 4°C for 10 min. The 

concentrations of the enzymatic products were measured by using HPLC. Enzyme 

activity was expressed as the product content per hour per gram of tissue protein. 
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Measurement of plasmatic l-kynurenine concentration 

 Plasma concentration of kynurenine (Kyn) was measured by high-performance liquid 

chromatography (HPLC) with a spectrophotometric detector (TOSOH UV-8000) or 

fluorescence spectrometric detector (HITACHI, Tokyo, Japan) as described 

previously10. Briefly, separation was obtained with a reverse-phase column (Brave 

ODS 3 μm 150 mm × 4.6 mm; Alltech, IL, U.S.A.) and a mobile phase (flow rate 

0.75 mL/min) composed of 0.1 M sodium acetate, 0.1 M acetic acid and 1% 

acetonitrile. The fluorescence excitation and emission wavelengths were set at 270 

and 360 nm, respectively. UV signals were monitored at 355 nm for Kyn.  

 

Measurement of tissue kynurenines concentration 

Chemicals & reagents: L-Kynurenine (Kyn), 3-hydroxykynurenine (3-Hk), 

kynurenic acid (Kyna), 3-hydroxyanthranilic acid (3-Haa), ascorbic acid (AA), formic 

acid (FA) and trifluoroacetic acid (TFA) were obtained from Sigma Aldrich 

(Steinheim, Germany). Methanol (MeOH; LC–MS grade), acetonitrile (MeCN, LC–

MS grade) were obtained from Merck KGaA (Darmstadt, Germany). The internal 

standard (IS) was: 6-Chloro-DL-tryptophan (TRP_Cl; Goldbio, St Louis, USA). All 

standards, solvents and reagents used were of highest purity (LC–MS grade where 

available). The water used was purified by means of a Milli-Q system (Merck 

Millipore, Germany). 

Preparation of standard solutions: Stock solutions were prepared individually for 

each standard in a final concentration of 10 mM: 3-Haa, and Kyna were dissolved in 

H2O/MeOH/FA/AA (50/50/0.1/0.02). Kyn and 3-Hk were dissolved in MeOH with 

0.1% FA and 0.02% AA. A final standard master mix (1 mM of each analyte) was 
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performed by mixing individual standard stock solutions with acidified mobile phase 

(0.2% FA/0.05% TFA/1% MeCN in H2O). Internal standard (IS) individual stock 

solution (TRP_Cl) was prepared at the concentration of 84 nM in 

H2O/MeOH/FA/AA (50/50/0.1/0.02). All standard stocks were prepared on ice and 

stored at -80°C 104 . 

Preparation of calibration curves: Calibration curves were obtained by spiking 

aliquots of 50 μl of matrices (dorsal root ganglia or spinal cord samples) with 10 μl of 

the standard master mix solution and 10 μl of IS. The linearity of the proposed 

method was checked over the concentration range of 1–1700 nM to all compounds. 

Calibration curves were found to be linear (>0.990) over the selected range. 

Sample preparation: Lumbar dorsal horn of the spinal cord was accurately weighted 

and transferred to a 2000 µl eppendorf. The samples were processed as follow: 50 μl 

of acidified mobile phase and 10 μl of IS were added. To each of those mixtures 150 

μl of ice-cold MeOH was added and subsequently homogenized using a TissueLyser 

II (Qiagen). To support protein precipitation, samples were allowed to rest in -20°C 

for 30 min. After centrifugation (20000 g, 4°C, 15 min) supernatants were removed 

and evaporated to dryness under a gentle stream of nitrogen and dried extracts were 

reconstituted in 50 μl of acidified mobile phase. The quantification range was from 1 

to 1700 nM. 

LC–MS/MS system: The UPLC®-MS/MS analyses were performed using an 

Acquity UPLC (Waters, Milford, MA, USA) coupled to an Acquity TQD detector 

equipped with an ESI interface and a Kinetex F5 (50 × 2.1 mm, 1.7 μM) column. The 

mobile phase was composed of 0.2 % formic acid in water (v/v) (A) and 0.2 % formic 

acid in acetonitrile (v/v) (B) and it was pumped at a flow rate of 0.4 mL min-1. The 
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column temperature was maintained at 40°C and the gradient elution program was 

performed as follows104: 0.0 min (3% B), 0.3 min (3% B), 0.8 min (30% B), 1.8 min 

(60% B), 2.5 min (60% B), 3.0 min (95% B), 4.4 min (95% B), 4.5 min (3% B) and 

7.5 min (3% B). The samples were conditioned at 10 oC in the auto-sampler. The 

injection mode applied was the full-loop, using 10 μL of injection volume. Data were 

acquired by MassLynx v4.1 software and processed for quantification by QuanLynx 

V4.1 (Waters). The following generic source conditions were used in positive 

ionization mode: capillary voltage, 2.5 kV; cone, 10 V; desolvation temperature, 

300°C; source temperature, 150°C, desolvation gas flow (N2), 750 L/h; cone gas 

flow, 75 L/h; collision gas (argon), 0.16 mL/min. Multiple reaction monitoring 

(MRM) was used for the quantification of each compound, the specific metabolite 

transitions are presented in Supplementary Table 1. The MS conditions for each 

analyte were determined via direct infusion of individual standard105. 

 

Quinolinic acid quantification by UPLC-MS/MS  

Lumbar dorsal horn of the spinal cord was accurately harvested, weighted 

deidentified and shipped to PsycoGenics Inc. for blinded analysis of QA. Spinal cord 

tissue samples was homogenized using a FastPrep 96 system (MP Biomedicals, LLC., 

Santa Ana, CA, USA) in combination with Covaris microTUBE containing AFA 

Fiber (Covaris Inc., Woburn, MA, USA).  Spinal cord tissue preloaded and weighed 

in Covaris tubes with AFA fibers was diluted (3x based on masses exceeding 23 mg 

with a 0.2% acetic acid solution containing labelled internal standards) and 

homogenized for 20 minutes at refrigerated temperatures. Resultant solutions were 

then added into Vivaspin 2 filters from Sartorius (Sartorius, Stonehouse, 
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Gloucestershire, UK) (2k MVCO) for ultrafiltration by centrifugation at 13,500 g for 

60 minutes at 4°C.  Resultant solutions were directly injected into a Waters (Milford, 

MA, USA) Acquity UPLC system equipped with an YMC™ ODS-AQ™ 2 mm × 100 

mm, 3 μm particle column. QA analyte was detected by a Waters Quattro Premier XE 

triple quadrupole mass spectrometer (Waters, Milford, MA, USA), operating in the 

MS/MS mode. Column and pre-column tubing are maintained at 40 °C while eluting 

kynurenine metabolites with a mobile phase consisting of an aqueous component (A: 

0.5% formic acid in milliQ water) and an organic component (B: 1% formic acid in 

acetonitrile). Gradient elution included a 2 min hold at 100% A followed by a shallow 

gradient of 0%–30% B over 4.4 min. Later eluting materials are then brought off the 

column using a stronger gradient of 30%–50% B over 0.5 min with a total run time of 

9 min. Quantification of the analyte was determined by correction vs. stable labelled 

internal standards of known concentrations and averaged on triplicate determinations 

where possible based on sample filtrate volume. Limits of quantification are 

determined based on a signal to noise ratio of 10:1 and found to be below required 

limits for analysis of this analyte in rodent samples. 

Standard curve was prepared using pure quinolinic acid (QA) dissolved in 0.2% acetic 

acid to correct for sample and instrument variability. In addition corresponding stable 

label internal standard (either deuterium or carbon 13 analogs of the indicated 

analyte) at a known constant concentration was incorporated into the samples and 

standards to correct for sample and instrument variability and analyte recovery from 

sample preparation. The concentrations of QA obtained in the samples were 

normalized by sample weight.  
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Reagents 

The following drugs were used in this study: 1-Methyl-tryptophan (#860646), 

norharmane (#N6252), Ro-618048 (#SML0233), L-kynurenine (Kyn) (#K8625), 

quinolinic acid (QA) (#P63204), 3-Hydroxy-DL-Kynurenine (3-Hk) (#H1771), 3-

hidroxyanthranilic acid (3-Haa) (#H9391), Complete Freund’s Adjuvant – CFA and 

D-AP5 (Sigma Aldrich, Saint Louis, Missouri, USA); MK801 (Tocris Bioscience, 

Bristol, United Kingdom), diphtheria toxin (Dtx, #322326, Merck-millipore-

Calbiochem San Diego, CA, USA), Kappa (k)-Carrageenan) (BDH Biochemicals, 

Poole, England). The 4-chloro-3-hydroxyanthranilate (#EN300-22755, Enamine Ltd., 

Ukraine). 

 

Western blot analysis 

Mice were terminally anesthetized at indicated times after SNI or sham surgery and 

ipsilateral dorsal horn of the spinal cord tissues, draining lymph nodes (inguinal and 

popliteal) or dorsal root ganglion (DRGs) with dorsal root leptomeninges (DRL) 

ipsilateral to the lesion were harvested. Part of the experiments was performed in PBS 

perfused mice. The samples were homogenized, and the expression of IDO1, KMO 

and HAAO were evaluated using western blotting analyses. Primary culture 

astrocytes or cultured U87 cells were also used for western blotting analyses. Briefly, 

samples were homogenized in a lysis buffer containing a mixture of protease inhibitor 

(Protease Inhibitor Cocktail Tablets - Roche Diagnostics). Proteins were separated 

using SDS-polyacrylamide gel electrophoresis (SDS-PAGE-4-12%) and transblotted 

onto nitrocellulose membranes (Bio-rad, California, USA). The membranes were 

blocked with 5% dry milk (overnight) and incubated overnight at 4°C with a mouse 
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monoclonal antibody against IDO-1 (# SC-365086 - E7 1.500, Santa Cruz 

Biotechnology, Dallas, Texas, USA), KMO (# NBP1-44263 1:1000, Novus 

Biologicals, Littleton, Colorado, USA), HAAO (#Ab-106436 1:1000, Abcam, 

Cambrigde, UK) and a mouse monoclonal antibody against human KMO (# 60029-1-

Ig 1:1000, Thermo Fisher Scientific, Massachusetts, EUA). The membranes were 

washed and incubated for 1 h at room temperature with an HRP-conjugated secondary 

antibody (1:10000; Jackson ImmunoResearch, PA, USA). Immunodetection was 

performed using an enhanced chemiluminescence light-detecting kit (Amersham 

Pharmacia, Biotech, Little Chalfont, UK) for 2 min. A mouse monoclonal antibody 

against β-actin (# A5316 1:10000; Sigma Aldrich, Saint Louis, Missouri, USA) and a 

rabbit monoclonal antibody against GAPDH (# 97166 1:5000, Cell Signaling 

Technology, Massachusetts, EUA) were used for loading controls. Images were used 

as representative blots. The capture of images was performed with Quemi TM-Doc 

XRS apparatus. Densitometric data were measured following normalization to the 

control (house-keeping gene) using Scientific Imaging Systems (Image labTM 3.0 

software, Biorad Laboratories, Hercules CA).  

 

Culture of human astrocytes obtained from U87MG cells differentiation. 

 

U87MG cells, a human malignant glioblastoma (astrocytoma), was placed 1 x 

105/wells in 24 wells plate with Dulbecco’s Modification of Eagle’s Medium – 

DMEM (Corning Incorporated, Nova York, EUA) and 10% inactivated fetal bovine 

serum plus 1% Penicillin/Streptomycin. After placed, the cells were treated with 1 M 

of all-trans retinoic acid-ATRA (Sigma Chemical, St. Louis, MO, USA) for 7 days for 

astrocyte differentiation as previous described41. At the end, FACS analyses revealed 
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that 98% of cultured cells express GFAP. After differentiation, cells were stimulated 

with human TNF recombinant (10 ng/ml) (Sigma-Aldrich Corporation, Missouri, 

EUA) for 24 hours. 

 

Construction of pLenti-GFAP-shKMO  

The lentiviral vector used for cloning of shRNA targeting kynurenine 3-

monooxygenase (KMO) was derived from the pLenti-GFAP-shAct1 plasmid, kindly 

provided by Dr Guang-Xian Zhang42. For pLenti-GFAP-shKMO construction, the 

shACT1 was replaced by the 21nt sequence GCACTGAATGCCTGCTTTCTT 

shRNA targeting murine KMO (NM_133809.1), designed using siRNA Wizard 

v3.1™ (Invivogen, San Diego, USA). The entire region of siRNA was synthesized as 

oligonucleotides, annealed and inserted in the previously XhoI/EcoRI digested 

plasmid, under standard procedures. The constructed plasmid sequence was 

confirmed by DNA Sanger sequencing. The vector without insertion of shKMO was 

used as a negative control. Oligos used for shKMO construction are listed below.      

Forward: 

TCGAGAAGGTATATTGCTGTTGACAGTGAGCGAGCACTGAATGCCTGC 

TTTCTTTAGTGAAGCCACAGATGTAAGAAAGCAGGCATTCAGTGCTGCCT

ACTGCCTCGG 

Reverse: 

AATTCCGAGGCAGTAGGCAGCACTGAATGCCTGCTTTCTTTACATCTG 

TGGCTTCACTAAAGAAAGCAGGCATTCAGTGCTCGCTCACTGTCAACAGC

AATATACCTTC  
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Virus packaging, concentrating and tittering 

The pLenti-shKMO (or empty vector) and two helper plasmids pPAX2 (Addgene 

#12259) and pMD2 (Addgene #12260), were used to transfect into HEK293FT cells 

using Lipofectamine 3000 (Thermofisher). After 6 hours of incubation, the medium 

with plasmids was replaced by fresh Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum, 2mmol/l L-Glutamine, 100 IU/ml 

penicillin, and 100μg/ml Streptomycin. Supernatants were harvested after 30 hours 

and filtered through a 0.45µm membrane filter. The filtered supernatant was 

submitted to ultracentrifugation (29000 RPM, 2h, 4C). The pellet containing 

lentivirus was resuspended in PBS/BSA1%, and aliquots were stored at −80°C. Viral 

titers were assayed by Lenti-X qRT-PCR (Clontech) and titers were adjusted to 1×108 

copies/ml before injection.  

 

Intraspinal injection of Lentivirus vector 

Intraspinal injection of Lentivirus vector were performed as previous described with 

some modifications44. The mice were deeply anaesthetized by intraperitoneal (i.p.) 

injection of ketamine (100 mg kg−1) and xylazine (10 mg kg−1), after the mice was 

immobilized and attached in the rostral and caudal sites of the vertebral colum, and 

the skin was incised at Th12–L3. Paraspinal muscles around the left side of the 

interspace between Th13 and L1 vertebrae were spread and removed, the dura mater 

and the arachnoid membrane were carefully incised using the tip of a 30G needle to 

make a small cavity to allow the microcapillary Femtotip (Eppendorf, NY, USA) 

insert directly into the dorsal region of spinal cord. The microcapillary was inserted 
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with 1x107 lentivirus solution through the small cavity. After microinjection, the skin 

was sutured with 4-0 silk, and mice were kept on a heating pad until recovery. 

 

Intrathecal ShRNA against KMO  

The short hairpin RNA targeting the murine expression of KMO (NM_133809.1) was 

designed and acquired from Genecopoeia (plasmid reference MSH037508-CU6). The 

in vivo transfection was performed using InVivo JetPei reagent (Polyplus) and 

administered intrathecally as described previously106 starting at 10 up to 13 days after 

SNI induction.   

 

Real-time RT-PCR 

After collection of tissue from the region comprised between lumbar segments (L3-

L6) of the dorsal horn of spinal cord, draining lymph nodes ipsilateral to the lesion, 

primary culture astrocytes or cultured U87 cells were rapidly homogenized in Trizol 

(Sigma) reagent at 4°C. Then, total cellular RNA was purified from tissue, according 

to the manufacturer's instruction. RNA concentration was determined by optical 

density at a wavelength of 260 nm by means of the apparatus NanoVue ® (GE 

Helthcare). One microgram of total RNA was transcribed to cDNA by reverse 

transcriptase enzyme action Improm Pre-II ® (Promega, Madison, Wisconsin, USA). 

Quantitative RT-PCR reaction in real time was done on an ABI Prism ® 7500 

Sequence Detection System (Applied Biosystems), using System SYBR-green 

fluorescence (Applied Biosystems, Warrington, UK) for the quantification of 

amplification. RT-PCR was performed with the final volume of the reaction 6.25 μL 

and kept on 95 °C (10 min) and 40 cycles of 94 °C (1 min), 56 °C (1 min) and 72 °C 
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(2 min). The melting curve was analyzed (65-95 °C) to verify that only one product 

was amplified. Samples with more than one peak were excluded. The results were 

analyzed by the method of quantitative relative expression 2-ΔΔCt as previously 

described107.  The primer pair for mouse can be found at Supplementary Table 2. 

Immunofluorescence  

After appropriate times, animals were deeply anesthetized with ketamine and xylazine 

and perfused through the ascending aorta with PBS, followed by 4% 

paraformaldehyde. Spinal cord sections (60 μm, free-floating) or DRGs plus DRLs 

(20 μm) were washed in PBS (0.01 M, pH 7.4) 3 x 5 minutes and incubated in 1% 

BSA, dissolved in phosphate buffered saline with Triton X100 (PBST) at 0.1% for 1 

hour. Subsequently, the sections were washed in PBS (0.01 M, pH 7 4) 3 x 5 minutes 

and then processed according to the technique of immunofluorescence labeling with 

overnight incubation at 4 °C with the polyclonal anti-Iba1 1:250 (# NB100-1028, 

Novus Biologicals, Littleton, Colorado, USA), monoclonal anti-GFAP 1:500 (# 

MAB3402X, Millipore, Darmstadt, Germany), anti-NeuN 1:200 (# MAB377X 

Millipore, Darmstadt, Germany), anti-KMO 1:200 (# NBP1-44263, Novus 

Biologicals, Littleton, Colorado, USA), a mouse monoclonal antibody against IDO-1 

(# sc365086, clone E7, Santa Cruz Biotechnology, Texas, EUA) and polyclonal anti-

GFP conjugated Alexa 488 (# A211311, Life Technologies, California, EUA). After 

incubation with the primary antibodies, the sections were washed in PBST 3 x 5 min 

and incubated at room temperature for 1 hour with Alexa fluor 488®goat anti-mouse 

or 594®donkey anti-rabbit IgG (Molecular Probes, Eugene, Óregon, USA). The 

sections were washed with PBST as described earlier, and mounted on glass slides, 

covered with cover slips with FluromountTM Aqueous Mounting Medium (Sigma, 

St. Louis, Missouri, USA). Sections of spinal cord were analyzed by confocal 
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microscopy (SP5, Leica, Wetzlar, Germany).  

RNAscope® in situ hybridization combined with Immunofluorescence 

Whole lumbar vertebrae containing spinal cord and DRGs (L3-L5) referring to sciatic 

nerve were obtained from SNI (14 days) and sham animals were fixed with 4% 

paraformaldehyde buffered with 0.1M phosphate solution, pH 7.2-7.4, for 4 hours at 

4°C. Next, tissues were decalcified with 5% EDTA in 1X Dulbecco’s PBS solution 

for 10 days at 4ºC and serially cryoprotected in 10%, 20%, and 30% sucrose serie 

diluted in 1X Dulbecco’s PBS solution overnight each at 4°C. Sections (20 µm 

thickness) were washed two times in 1X PBS, serially dehydrated in 50%, 70%, and 

100% ethanol for 5 min each and stored in 100% alcohol until assay run. RNAscope® 

in situ hybridization assay for fresh-frozen samples was performed according to 

manufacturer’s instructions of RNAscope® Multiplex Fluorescent Reagent kit v2 

(Cat. No. 323100, Advance Cell Diagnostics (ACD), Hayward, CA, USA). All 

incubation steps were performed on the HybEzTM hybridization system (ACD). 

Briefly, in the pretreatment steps, samples were incubated with hydrogen peroxide 

reagent during 10 min at RT and washed with ultra-pure water twice. Then, samples 

were incubated with protease IV solution for 30 min at RT and washed with 1X PBS 

twice. Custom mouse HAAO RNAscoper probe were designed and purchased from 

ACD. HAAO probe targets the region 332-1252 (Accession number: NM_025325.2) 

of the HAAO sequence with 20 pairs of ZZ-target probes. The probe was applied and 

let hybridized for 2 h at 40°C. The amplification and detection steps were performed 

according to the manufacturer’s advice. Detection was developed using Opal® Dye 

(Akoya Biosciences) fluorophores diluted in TSA buffer (1:750, Cat. No. 322809, 

ACD) for 30 min at 40°C. After hybridization steps, sections were washed with TBST 

Wash Buffer under gentle agitation and blocked with 10% normal serum in TBS-1% 
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BSA for 30 min at RT. Primary antibodies against CD11c 1:300 (#117308, 

Biolegend, California, EUA) and HAAO 1:400 (#bs-11695R-A488, Bioss Inc, 

Massachusetts, EUA) diluted in TBS-1% Kidney sections were used as a positive 

control of the Haao probe. BSA were incubated overnight at 4ºC. Sections were 

washed five times with T-BST Wash Buffer and secondary antibodies were 

performed. In the end, the sections were incubated with DAPI solution (ACD) and 

images were acquired in Zeiss LSM 780 confocal (Carl Zeiss, Germany) at 40 x 

magnification using Z-Stack scanning in a field of view of 3187,53 µm X 3187,53 µm 

(9214 pixels X 9214 pixels). The number of cells expressing Haao relative to the 

number of cells (DAPI+) was performed in the DRLs.    

 

Drugs Administration 

The i.p. administration: the drugs were injected into the ventral portion of the mouse 

close to the abdominal midline using a 1 mL syringe with a needle length of 2.5 cm 

and 0.7 cm gauge.  

Intrathecal injection: The technique used for intrathecal injection was done as 

described previously with modifications. Under isoflurane (2%) anesthesia, mice were 

securely hold in one hand by the pelvic girdle and inserting a BD Ultra-Fine® (29G) 

insulin syringe (BD, Franklin Lakes, NJ, USA) directly on subarachnoid space (close 

to L4–L5 segments) of the spinal cord. A sudden lateral movement of the tail 

indicated proper placement of the needle in the intrathecal space. For all 

administrations was used 5 µl of volume. Then, the syringe was held in the specific 

position for a few seconds and progressively removed to avoid any outflow of the 

substances 
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Generation of bone marrow-chimeric mice 

Recipient mice were exposed to 9-gray total-body irradiation using a X-ray source 

(Mark I, model 25). One day later, the animals were injected via tail vein with 4 × 106 

bone marrow (BM) cells freshly collected from donor mice. The cells were aseptically 

harvested by flushing femurs with Dulbecco's PBS (DPBS) containing 2% fetal 

bovine serum. The samples were combined, filtered through a 40 μm nylon mesh, 

centrifuged, and passed through a 25-gauge needle. Recovered cells were resuspended 

in DPBS at a concentration of 5 × 106 vial nucleated cells per 200 μl. Irradiated mice 

transplanted with this suspension were housed in autoclaved cages and treated with 

antibiotics (10 mg of ciprofloxacin per milliliter of drinking water given for 2 weeks 

after irradiation)106. Mice were subjected to SNI surgery 2 months after 

transplantation. The chimeric mice were generated as follow (donor → recipient): (1) 

WT and Ido1-/- recipient mice transplanted with BM from WT mice (WT→Ido1-/- and 

WT→WT), (2) Ido1-/- recipient mice transplanted with Ido1-/- donor mice (Ido1-/- 

→Ido1-/-). At 60 days after transplantation, SNI was induced in chimeric mice. 

 

Generation of CD11cDTR/hema chimeric mice and dendritic cells depletion  

For in vivo depletion of DCs we performed a previously described method31,108, with 

modifications. We used a chimera-based approach to avoid side effects during DCs 

depletion protocol. The experimental design for the generation of chimeric mice is 

shown in Fig. 2D. Briefly, WT mice were irradiated with a dose of 9.0 Gy. After 24 h, 

a total of 5.0 x 106 bone marrow-derived cells from CD11c-DTR mice were injected 
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intravenously in the irradiated mice. After 8 weeks, the reconstituted chimeric mice 

(CD11cDTR/hema mice) were randomly separated into for groups and submitted to 

following experimental protocols. For conditional DC ablation [CD11cDTR/hema mice 

chimeras were inoculated i.p. with 16 ng DTx/g body weight every second day from 

day 0 up to day 12 after SNI induction.  

 

Dendritic cells sorting from draining lymph nodes 

At 14 days after SNI, draining lymph nodes (DLNs; inguinal and popliteal) from 

CD11c-eYFP mice were homogenized in RPMI 1640 media pH 7.4 (GIBCO), then 

digested with 1 mg/ml of collagenase A for 30 min at 37°C. Single cell suspensions 

were prepared using a 70 μm-Cell strainer (Corning– Durhan, USA) nylon mesh, 

layered over RPMI 1640 containing 10% FCS and centrifuged at 450 g for 10 min 

at 4°C and the supernatant was discarded. To purify total CD11c+ DCs, single cell 

suspensions from lymph nodes were further sorted (eYFP+ cells) in a FACSAria III 

sorter. Over 5% of the sorted cells obtained were CD11c+. Sorted cells were 

submitted to RNA extraction, reverse-transcribed with High Capacity Kit (Life 

Techonologies) and analyzed by quantitative RT-PCR with a Step One Real-time 

PCR system as described above (Applied Biosystems). 

 

Microglia and astrocytes cells sorting from spinal cord 

 

Astrocytes and microglia were isolated from the spinal cord as previously 

described40,43,109; with minor modifications. Briefly, the spinal cord between lumbar 

segments (L4-L6, pooled of 8 animals) were collected from CX3CR1GFP/+ mice and 
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incubated isolated in 1 ml of RPMI medium containing 1mg/ml of collagenase D 

(Roche, cat. no. 1-088-874) for 30 minutes at 37ºC. After this time, the tissues were 

passed through a cell strainer (100 µm), followed by centrifugation with RPMI 

medium containing 10% fetal bovine serum (FBS, Gibco). Cells were obtained and 

resuspended in 10 ml of 33% Percoll (GE Health Care) solution. After centrifugation, 

cells were resuspended and incubated in PBS 0.1M (2% FBS) containing cell viability 

dye – APCH7 (cat. no. 65-0865-14, eBioscience, 1:5000) and anti-ACSA2 - PE (IH3-

18A3, Miltenyi Biotec, 1:250), a specific marker of astrocytes, for 15 minutes at 4ºC. 

Finally, cells were isolated using FACSAria III (BD Bioscience) and then the pellets 

obtained were resuspended in lysis buffer to isolate mRNA. The data were analyzed 

using FlowJo 10 software (Treestar, Ashland, USA). The gating strategy used to 

perform cell sorting from spinal cord is depicted in Fig. 7. Expression of specific cell 

markers, Cx3cr1 for microglia and Gfap for astrocytes  and Kmo were analyzed by 

real-time PCR (see specific method) in both populations.      

 

Flow cytometry acquisition. 

DLNs (inguinal and popliteal) were removed from CD11cDTR/hema mice treated with 

Dtx or vehicle after 14 days of SNI or sham surgery, teased into single-cell 

suspensions, and filtered through a 70-μm cell strainer (Corning # 431751 – Durhan, 

USA) and proceed as described above. DCs (CD11c-eGFP+) cells were detected and 

the frequency of cell group was determined in BD FACSVerse (BD Biosciences), and 

data were analyzed using FCS Express (De Novo Software™). 

 

Generation of bone marrow-derived dendritic cells (BMDCs) and transfer 

BMDCs were generated from the differentiation of bone marrow cells. Briefly, 
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animals were killed and the femur bone carefully dissected. In sterile environment, 

the bone epiphyses were cut and a 20g needle, coupled to a complete RPMI-1640 

filled syringe (supplemented with 10% fetal bovine serum, glutamine (2 mM), 

streptomycin-0.01 mg/mL, penicillin-10 U / mL, antifungal-amphotericin B- 30 μg / 

mL) was inserted at one end. Next, the internal cavity of the bone was washed away, 

removing the entire bone marrow. Cells were added to the culture plates at the density 

of 2.0 x 106 cells / dish in a final volume of 10 mL of complete RPMI-1640 

supplemented with 20 ng/mL GM-CSF (granulocyte-macrophage colony stimulating 

factor; R&D Systems). After 3 days, another 10 mL of medium supplemented with 

the same concentration of GM-CSF was added. At the end of 7 days, the cells were 

collected from the plate and used for the remaining experiments31. BMDCs (5.0 x 106; 

i.v.) were transferred to WT or Ido1-/- mice one day after SNI surgery.  

 

Primary Astrocytes Culture and Microglia Conditional Medium (MCM) 

 

For the primary culture, the astrocytes were obtained by the microbeads isolation on 

the cortex of newborn mice (1 to 3 days). The newborn mice were anesthesia in ice, 

and the cortex was collected in Dulbecco’s Modification of Eagle’s Medium – 

DMEM (Corning Incorporated, Nova York, EUA) with penicillin and without bovine 

fetal serum. After isolation, the cells of cortex were dissociated and marker with anti-

GLAST (ACSA-1) biotinilad antibody, after with anti-biotin microbeads (Miltenyi 

Biotec, Bergisch Gladbach, Germany). The cells were passed in MS Columns 

(Miltenyi Biotec, Bergisch Gladbach, Germany), and only the ACSA-1 positives cells 

stay attached in the columns. The isolated astrocytes were placed 5x104 cells/well in a 

24 well place for 7 days with DMEM (Corning Incorporated, Nova York, EUA) (high 
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glucose, 10% heat-inactivated fetal bovine serum and 1% Penicillin/Streptomycin). 

After 7 days, the astrocytes were stimulated with TNF recombinant (10 ng /ml) 

(Sigma-Aldrich Corporation, Missouri, EUA) or MCM (300 µl) for 24hours. To 

determinate the purity of culture, the cells were marker with anti-GFAP-PE (# 

561483, California, EUA, BD Biosciences) for flow cytometry acquisition. For the 

MCM, microglia were obtained by the same protocol of astrocytes primary culture. 

However, the cells of newborn mice cortex were dissociated and marker with anti-

CD11b-PE antibody, after with anti-PE microbeads (Miltenyi Biotec, Bergisch 

Gladbach, Germany). The cells were passed in MS Columns (Miltenyi Biotec, 

Bergisch Gladbach, Germany), and only the CD11c positives cells stay attached in the 

columns. The isolated microglia were placed 105 cells/well in a 24 wells place for 5 

days with DMEM (Corning Incorporated, Nova York, EUA) (high glucose + 10% 

heat-inactivated fetal bovine serum + 1% Penicillin/Streptomycin). After 5 days, the 

microglia were stimulated with LPS (100 ng /ml) (Sigma-Aldrich Corporation, 

Missouri, EUA) for 30 min, washed and stayed in medium for 24 hours to obtain the 

MCM. 

 

Electrophysiology 

Spinal cord slices were obtained from the lumbar (L4-6) of male and female naive 

mice. The animals were anesthetized using isoflurane, quickly decapitated and the 

spinal cords removed and placed in ice-cold cutting solution (in mM: 92 NMDG-Cl, 

2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-

ascorbate, 3 Na-pyruvate, 0.5 CaCl2, 10 MgSO4. pH to 7.3–7.4 with HCl  and the 

meninges removed to dissect the lumbar spinal cord110. The spinal cords were cut in 

500 µm slices using a vibratome VT-1000, left for 12 -15 minutes at 34ºC in cutting 
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solution, transferred to a mixture of 50% cutting solution and 50% recording solution 

(see composition below) at 34°C for 40 minutes and maintained at room temperature 

in the same solution until recording. 

Substantia gelatinosa was visualized under oblique illumination through a 60 x water-

immersion objective (Olympus). Slices were constantly perfused with a Mg-free 

recording solution (in mM: 127 NaCl, 3.5 KCl, 1.2 KH2PO4, 26 NaHCO3, 10 

glucose, 2.4 CaCl2. pH 7.3 - 7.4 when bubbled with 95%O2/5%CO2 mix) at room 

temperature with picrotoxin (5 µM) and strychnine (1 µM). Recordings were made 

through borosilicate microelectrodes fabricated in a Sutter P-87 horizontal puller with 

resistance ranging from 4 - 7 MΩ when filled with potassium gluconate internal 

solution (138 K Gluconate, 0.5 EGTA, 10 HEPES, 8 KCl, 4 ATP-Mg, 0.3 GTP-Na, 

10 Phosphocreatine, pH 7.4). Neurons were identified by the presence of action 

potential firing. Signals were acquired in voltage clamp mode at a holding potential of 

-70mV, with a 10 kHz sampling rate and low-passed filtered at 2.9 kHz (Bessel) using 

a HEKA EPC10 amplifier. 

QA was diluted in the recording solution to make a stock concentration of 10 mM, 

made fresh every day, and then diluted in recording solution to final concentrations of 

5, 50 or 500 µM. Drug perfusion was gravity fed (1 ml/min) and different 

concentrations were selected using an 8-way Valvelink controller (Automate 

Scientific) and applied directly on the cell using a custom-made 6-way manifold with 

a 250 μm ID MicroFil (World Precision Instruments) needle as output. Quinolinic 

acid was applied during a period of 2 minutes and its washout lasted, at least, 5 

minutes. 
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Data analyses and statistics 

Data are reported as the means ± s.e.m. The normal distribution of data was analyzed 

by D’Agostino and Pearson test. Two-way analysis of variance (ANOVA) was used 

to compare the groups and doses at the different times (curves) when the responses 

(nociception) were measured after surgery or treatments. The analysed factors were 

the treatments, the time, and the time versus treatment interaction. If there was a 

significant time versus treatment interaction, One-way ANOVA followed by 

Bonferroni’s t-test was performed for each time. Alternatively, if the responses (eg. 

protein expression, mRNA expression) were measured only once after the stimulus 

injection, the differences between responses were evaluated by one-way ANOVA 

followed by Bonferroni’s t-test (for three or more groups), comparing all pairs of 

columns or when appropriate by two-tailed unpaired Student's t-test. For 

electrophysiology data, the paired sample t-test was used. P values less than 0.05 were 

considered significant. Statistical analysis was performed with GraphPad Prism 

(GraphPad Software, San Diego, CA, USA). No statistical methods were used to 

predetermine sample size. Variation within each data set obtained by experiments 

with mice or primary cells was assumed to be similar between genotypes since all 

strains were generated and maintained on the same pure inbred background 

(C57BL/6). 

 

Data availability 

The data supporting the findings of this study are available within the article and its 

supplementary information files or from the corresponding authors on reasonable 

request. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 45

 

Acknowledgments 

The authors gratefully acknowledge the technical assistance of Ieda R. Schivo, Sergio 

R. Rosa and Eleni Tamburus. The research leading to these results received funding 

from the São Paulo Research Foundation (FAPESP) under grant 

agreements n° 2011/19670-0 and 2014/50265-3 (Thematic Projects) and 2013/08216-

2 (Center for Research in Inflammatory Disease) and a CNPq grant n° 304883/2017-

4. ALM is supported by grants from the NIH (AI103347) and CRUK (CIP award).  

 

Author contributions 

G.R.S, A.G.M and M.D.F designed, performed experimental work, analyzed data and      

prepare the manuscript. R.M.G and M.D.F performed experimental work related to 

FACS sorting and PCR and analyzed data. A.D and R.L performed experiments and 

analyzed the data related to electrophysiology. A.H.L, F.I.G, R.L.S, D.A.S, J.T, G.P, 

D.S.C, M.B.S and R.K performed experiments. A.S.M performed experiments related 

to RNAscope. L.M.M, G.A.B and N.P.L performed experiments related to mass 

spectrometry and analyze the data L.M.A and N.T.C performed experiments related to 

lentivirus and ShRNA. H.L and L.H. performed experiments and important scientific 

comments. J.C.O.C provided Haao null mice and important scientific comments. 

J.C.A.F., and F.Q.C., provided critical materials and comments. A.M designed and 

supervised the study and provided critical materials and comments. T.M.C designed, 

directed and supervised the study, interpreted data and wrote the manuscript. All 

authors reviewed the manuscript and provide final approval for submission. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 46

Competing interests 

The authors declare no competing interests, financial or otherwise. 

 

References  

1. Colloca, L. et al. Neuropathic pain. Nat. Rev. Dis. Prim. 3, 1–20 (2017). 

2. Ji, R., Chamessian, A. & Zhang, Y. Pain regulation by non-neuronal cells and 

inflammation. Science (80-. ). 354, 572–577 (2016). 

3. Grace, P. M., Hutchinson, M. R., Maier, S. F. & Watkins, L. R. Pathological 

pain and the neuroimmune. Nat. Immunol. 14, 217–231 (2014). 

4. Schwarcz, R., Bruno, J. P., Muchowski, P. J. & Wu, H.-Q. Kynurenines in the 

mammalian brain: when physiology meets pathology. Nat Rev Neurosci 13, 

465–477 (2013). 

5. Cervenka, I., Agudelo, L. Z. & Ruas, J. L. Kynurenines: Tryptophan’s 

metabolites in exercise, inflammation, and mental health. Science (80-. ). 357, 

1–8 (2017). 

6. O’Connor, J. et al. Lipopolysaccharide-induced depressive-like behavior is 

mediated by indoleamine 2 , 3-dioxygenase activation in mice. Mol. Psychiatry 

14, 511–522 (2009). 

7. Zwilling, D. et al. Kynurenine 3-Monooxygenase Inhibition in Blood 

Ameliorates Neurodegeneration. Cell 145, 863–874 (2011). 

8. Takikawa, O., Yoshidas, R., Kidoe, R. & Hayaishill, O. Tryptophan 

Degradation in Mice Initiated by Indoleamine 2,3-Dioxygenase*. J. Chem. 

261, 3648–3653 (1986). 

9. Ball, H. J., Jusof, F. F., Bakmiwewa, S. M., Hunt, N. H. & Yuasa, H. J. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 47

Tryptophan-catabolizing enzymes – party of three. Front. Immunol. 5, 1–10 

(2014). 

10. Nishikimi, M. A function of tetrahydropteridines as cofactors for indoleamine-

2,3-dioxygenase. Biochem. Biophys. Res. Commun. 63, 92–98 (1975). 

11. Foster, A. C., White, R. J., Schwarcz, R. & Psychiutric, M. Synthesis of 

quinolinic acid by 3-hydroxyanthranilic acid oxygenase in rat brain tissue in 

vitro. J. Neurochem. 47, 23–30 (1986). 

12. Chiarugi, A., Carpenedo, R. & Molina, M. T. Comparison of the 

Neurochemical and Behavioral Effects Resulting from the Inhibition of 

Kynurenine Hydroxylase and / or Kynureninase. J. Neurochem. 65, 1176–1183 

(1995). 

13. Smith, J. R., Jamie, J. F. & Guillemin, G. J. Kynurenine-3-monooxygenase�: a 

review of structure , mechanism , and inhibitors. Drug Discov. Today 21, 315–

324 (2016). 

14. Okuno, E., Nakamura, M. & Schwarcz, R. Two kynurenine aminotransferases 

in human brain. Brain Res. 542, 307–312 (1991). 

15. Wang, Q. et al. Deregulated tryptophan-kynurenine pathway is linked to 

inflammation, oxidative stress, and immune activation pathway in 

cardiovascular diseases. Front Biosci (Landmark Ed) 20, 1116–1143 (2016). 

16. Stone, T. W. & Perkins, M. N. Quinolinic acid: a potent endogenous excitant at 

amino acid receptors in CNS. Eur. J. Pharmacol. 72, 411–412 (1981). 

17. Okuda, S., Nishiyama, N., Saito, H. & Katsuki, H. Hydrogen peroxide-

mediated neuronal cell death induced by an endogenous neurotoxin , 3-

hydroxykynurenine. Proc. Natl. Acad. Sci. USA 93, 12553–12558 (1996). 

18. Zhou, W. et al. Peripheral indoleamine 2,3-dioxygenase1 is required for 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 48

comorbid depression-like behavior but does not contribute to neuropathic pain 

in mice. Brain Behav Immun 46, 147–153 (2015). 

19. Rojewska, E., Piotrowska, A., Makuch, W., Przewlocka, B. & Mika, J. 

Pharmacological kynurenine 3-monooxygenase enzyme inhibition significantly 

reduces neuropathic pain in a rat model. Neuropharmacology 102, 80–91 

(2016). 

20. Rojewska, E., Ciapała, K., Piotrowska, A., Makuch, W. & Mika, J. 

Pharmacological inhibition of enzymes of the kynurenine pathway , 

significantly diminishes neuropathic pain in a rat model. Front. Pharmacol. 9, 

1–13 (2018). 

21. Chen, G., Zhang, Y., Qadri, Y. J., Serhan, C. N. & Ji, R. Microglia in Pain�: 

Detrimental and Protective Roles in Pathogenesis and Resolution of Pain. 

Neuron 100, 1292–1311 (2018). 

22. Ji, R., Donnelly, C. R., Nedergaard, M., Carolina, N. & Carolina, N. Astrocytes 

in chronic pain and itch. Nat Rev Neurosci. 20, 667–685 (2019). 

23. Mellor, A. L. & Munn, D. H. IDO expression by dendritic cells: tolerance and 

tryptophan catabolism. Nat. Immunol. 4, 762–774 (2004). 

24. Bourquin, A.-F. et al. Assessment and analysis of mechanical allodynia-like 

behavior induced by spared nerve injury ( SNI ) in the mouse. Pain 122, 1–14 

(2006). 

25. Watanabe, N. E. Y., Kawanishi, K., Hashimoto, Y. & Hayaishi, O. Inhibition 

of lndoleamine 2 , 3-Dioxygenase and Tryptophan by P-Carboline and lndole 

Derivatives ’. Arch. Biochem. Biophys. 232, 602–609 (1984). 

26. Yun, T. J. et al. Indoleamine 2,3-Dioxygenase-Expressing Aortic Plasmacytoid 

Dendritic Cells Protect against Atherosclerosis by Induction of Regulatory T 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 49

Cells Graphical. Cell Metab. 23, 852–866 (2016). 

27. Huang, L. et al. Virus Infections Incite Pain Hypersensitivity by Inducing 

Indoleamine 2 , 3 Dioxygenase. PLOS Pathog. 12, 1–16 (2016). 

28. Munn, D. H. et al. Expression of indoleamine 2 , 3-dioxygenase by 

plasmacytoid dendritic cells in tumor-draining lymph nodes. J. Clin. Invest. 

114, 280–290 (2004). 

29. H.Munn, D. et al. Potential regulatory function of human dendritic cells 

expressing indoleamine 2,3-dioxygenase. Science (80-. ). 297, 1867–1871 

(2002). 

30. Linda, M. et al. CD11c . DTR mice develop a fatal fulminant myocarditis after 

local or systemic treatment with diphtheria toxin. Eur. J. Immunol. 46, 2028–

2042 (2016). 

31. Mascanfroni, I. D. et al. Interleukin-27 acts on dendritic cells to suppress the T-

cell response and autoimmunity by inducing the expression of ENTPD1 

(CD39). Nat. Immunol. 14, 1054–1063 (2013). 

32. Du, B. et al. CD4 + αβ T cell infiltration into the leptomeninges of lumbar 

dorsal roots contributes to the transition from acute to chronic mechanical 

allodynia after adult rat tibial nerve injuries. J. Neuroinflammation 15, 1–21 

(2018). 

33. Guimarães, R. M. et al. Blood-circulating leukocytes fail to infiltrate the spinal 

cord parenchyma after spared nerve injury. J. Leukoc. Biol. 106, 541–551 

(2019). 

34. Gu, N. et al. Spinal microgliosis due to resident microglial proliferation is 

required for pain hypersensitivity after peripheral nerve injury Nan. Cell Rep. 

16, 605–614 (2016). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 50

35. Simeoli, R. et al. Exosomal cargo including microRNA regulates sensory 

neuron to macrophage communication after nerve trauma. Nat. Commun. 8, 1–

17 (2017). 

36. Kim, D., You, B., Lim, H. & Lee, S. J. Toll-like receptor 2 contributes to 

chemokine gene expression and macrophage infiltration in the dorsal root 

ganglia after peripheral nerve injury. Mol. Pain 7, 1–10 (2011). 

37. Fukui, S., Schwarcz, R., Rapoport, S. I., Takada, Y. & Smith, Q. R. Blood-

brain barrier transport of kynurenines: implications for brain synthesis and 

metabolism. J. Neurochem. 56, 2007–2017 (1991). 

38. Ro, S., Cesura, A. M., Huguenin, P., Kettler, R. & Szente, A. Synthesis and 

Biochemical Evaluation of N - ( 4-Phenylthiazol-2-yl ) benzenesulfonamides as 

High-Affinity Inhibitors of Kynurenine 3-Hydroxylase. J. Med. Chem. 40, 

4378–4385 (1997). 

39. Batiuk, M. Y. et al. An immunoaffinity-based method for isolating ultrapure 

adult astrocytes based on ATP1B2 targeting by the ACSA-2 antibody. J. Biol. 

Chem 292, 8874–8891 (2017). 

40. Ueda, H. et al. Involvement of lysophosphatidic acid – induced astrocyte 

activation underlying the maintenance of partial sciatic nerve injury – induced 

neuropathic pain. Pain 159, 2170–2178 (2018). 

41. Haque, A. et al. Induction of apoptosis and immune response by all- trans 

retinoic acid plus interferon-gamma in human malignant glioblastoma T98G 

and U87MG cells. Cancer Immunol Immunother 56, 615–625 (2007). 

42. Yan, Y. et al. CNS-specific Therapy for Ongoing EAE by Silencing IL-17 

Pathway in Astrocytes. Mol. Ther. 20, 1338–1348 (2012). 

43. Rothhammer, V. et al. Type I interferons and microbial metabolites of 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 51

tryptophan modulate astrocyte activity and central nervous system 

inflammation via the aryl hydrocarbon receptor. Nat. Med. 22, 586–597 (2016). 

44. Kohro, Y., Sakaguchi, E., Tashima, R. & Tozaki-saitoh, H. A new minimally-

invasive method for microinjection into the mouse spinal dorsal horn. Sci. Rep. 

5, 1–11 (2015). 

45. Parrott, J. M., Redus, L., Morales, J., Gao, X. & Connor, J. C. O. Neurotoxic 

kynurenine metabolism is increased in the dorsal hippocampus and drives 

distinct depressive behaviors during inflammation. Transl. Psychiatry 6, 1–12 

(2016). 

46. Heyes, M. P. et al. A mechanism of quinolinic acid formation by brain in 

inflammatory neurological disease: Attenuation of synthesis from l-tryptophan 

by 6-chlorotryptophan and 4-cworo-3-hydroxy anthranilate. Brain 116, 1425–

1450 (1993). 

47. Bourinet, E. et al. Calcium-permeable ion channels in pain signaling. Physiol 

Rev 94, 81–140 (2019). 

48. Hehn, C. A. von & Ralf Baron, C. J. W. Deconstructing the Neuropathic Pain 

Phenotype to Reveal Neural Mechanisms. Neuron 73, 638–652 (2012). 

49. Weir, G. A. et al. Review The Genetics of Neuropathic Pain from Model 

Organisms to Clinical Application. Neuron 104, 637–653 (2019). 

50. Yekkirala, A. S., Roberson, D. P., Bean, B. P. & Woolf, C. J. Breaking barriers 

to novel analgesic drug development Ajay. Nat Re v Drug Discov 16, 545–564 

(2017). 

51. Kim, H. et al. Brain indoleamine 2,3-dioxygenase contributes to the 

comorbidity of pain and depression. J. Clin. Invest. 122, 2940–2954 (2012). 

52. Cobos, E. J. et al. Mechanistic Differences in Neuropathic Pain Modalities 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 52

Revealed by Correlating Behavior with Global Expression Profiling. Cell Rep. 

22, 1301–1312 (2018). 

53. Hu, P. & Mclachlan, E. M. Macrophage and lymphocyte invasion of dorsal 

root ganglia after peripheral nerve lesions in the rat. Neuroscience 112, 23–38 

(2002). 

54. Mclachlan, E. M. & Hu, P. Inflammation in dorsal root ganglia after peripheral 

nerve injury: Effects of the sympathetic innervation. Auton. Neurosci. Basic 

Clin. 182, 108–117 (2014). 

55. Kipnis, J. Multifaceted interactions between adaptive immunity and the central 

nervous system. Science (80-. ). 353, 766–771 (2016). 

56. Formisano, S., Hornig, M., Yaddanapudi, K. & Vasishtha, M. Central Nervous 

System Infection with Borna Disease Virus Causes Kynurenine Pathway 

Dysregulation and Neurotoxic Quinolinic Acid Production. J. Virol. 91, 1–19 

(2017). 

57. Moon, P. K. & Minhas, P. S. Modulating Kynurenine Monooxygenase in 

Microglia: the need for further characterization. Psychoneuroendocrinology 

4530, 1–4 (2018). 

58. Campbell, B. M., Charych, E., Lee, A. W., Möller, T. & Dantzer, R. 

Kynurenines in CNS disease�: regulation by inflammatory cytokines 

METABOLISM. Front. Neurosci. 8, 1–22 (2014). 

59. Chiarugi, A., Cozzi, A., Ballerini, C., Massacesi, L. & Moroni, F. Kynurenine 

3-mono-oxygenase activity and neurotoxic kynurenine metabolites increase in 

the spinal cord of rats with experimental allergic encephalomyelitis. 

Neuroscience 102, 687–695 (2001). 

60. Heyliger, S. O., Goodman, C. B., Ngong, J. M. & Soliman, K. F. A. The 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 53

analgesic effects of tryptophan and its metabolites in the rat. Pharmacol. Res. 

38, 243–250 (1998). 

61. Ganong, A. H., Lanthorn, T. H. & Cotman, C. W. Kynurenic acid inhibits 

synaptic and acidic amino acid-induced responses in the rat hippocampus and 

spinal cord [ Kynurenic Acid ]. Brain Res. 273, 170–174 (1983). 

62. Cosi, C. et al. G-protein coupled receptor 35 (GPR35) activation and 

inflammatory pain: Studies on the antinociceptive effects of kynurenic acid and 

zaprinast. Neuropharmacology 60, 1227–1231 (2010). 

63. Resta, F. et al. Kynurenic acid and zaprinast induce analgesia by modulating 

HCN channels through GPR35 activation Francesco. Neuropharmacology 16, 

1–33 (2016). 

64. Wang, J. et al. Kynurenic Acid as a Ligand for Orphan G Protein-coupled 

Receptor GPR35*. J. Biol. Chem. 281, 22021–22028 (2006). 

65. Castellano-Gonzalez, G. et al. Kynurenine 3-Monooxygenase Activity in 

Human Primary Neurons and Effect on Cellular Bioenergetics Identifies New 

Neurotoxic Mechanisms. Neurotox. Res. 35, 530–541 (2019). 

66. Eastman, C. L. & Guilarte, T. R. Cytotoxicity of 3-hydroxykynurenine in a 

neuronal hybrid cell line. Brain Res. 495, 225–231 (1989). 

67. Goldstein, L. E. et al. 3-Hydroxykynurenine and 3-Hydroxyanthranilic Acid 

Generate Hydrogen Peroxide and Promote Α-Crystallin Cross-Linking By 

Metal Ion Reduction. Biochemistry 39, 7266–7275 (2000). 

68. Okuda, S., Nishiyama, N., Saito, H. & Katsuki, H. Hydrogen peroxide-

mediated neuronal cell death induced by an endogenous neurotoxin , 3-

hydroxykynurenine. Neurobiology 93, 12553–12558 (1996). 

69. Yowtak, J. et al. Reactive oxygen species contribute to neuropathic pain by 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 54

reducing spinal GABA release. Pain 152, 844–852 (2011). 

70. Bae, C. et al. Mitochondrial superoxide increases excitatory synaptic strength 

in spinal dorsal horn neurons of neuropathic mice. Mol. Pain 14, 1–9 (2018). 

71. Naik, A. K. et al. Role of oxidative stress in pathophysiology of peripheral 

neuropathy and modulation by N-acetyl-l-cysteine in rats. Eur. J. Pain 10, 573 

(2006). 

72. Kim, H. K. et al. Reactive oxygen species (ROS) play an important role in a rat 

model of neuropathic pain. Pain 111, 116–124 (2004). 

73. Kim, H. Y., Lee, I., Chun, S. W. & Kim, H. K. Reactive oxygen species donors 

increase the responsiveness of dorsal horn neurons and induce mechanical 

hyperalgesia in rats. Neural Plast. 2015, 1–11 (2015). 

74. Kim, H. Y., Chung, J. M. & Chung, K. Increased production of mitochondrial 

superoxide in the spinal cord induces pain behaviors in mice: The effect of 

mitochondrial electron transport complex inhibitors. Neurosci. Lett. 447, 87–91 

(2008). 

75. Kim, D. et al. NADPH oxidase 2-derived reactive oxygen species in spinal 

cord microglia contribute to peripheral nerve injury-induced neuropathic pain. 

Proc. Natl. Acad. Sci. U. S. A. 107, 14851–14856 (2010). 

76. Guidetti, P. & Schwarcz, R. 3-Hydroxykynurenine potentiates quinolinate but 

not NMDA toxicity in the rat striatum. Eur. J. Neurosci. 11, 3857–3863 

(1999). 

77. Chiarugi, A., Meli, E. & Moroni, F. Similarities and differences in the neuronal 

death processes activated by 3OH-kynurenine and quinolinic acid. J. 

Neurochem. 77, 1310–1318 (2001). 

78. Baron, R. Mechanisms of Disease: neuropathic pain—a clinical perspective. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 55

Nat. Clin. Pract. Neurol. 2, 95–106 (2006). 

79. Scholz, J. et al. The IASP classification of chronic pain for ICD-11: Chronic 

neuropathic pain. Pain 160, 53–59 (2019). 

80. Costigan, M., Scholz, J. & Woolf, C. J. Neuropathic Pain: A Maladaptive 

Response of the Nervous System to Damage. Annu. Rev. Neurosci. 32, 1–32 

(2009). 

81. Pascal, M. M. V. et al. DOLORisk: study protocol for a multi-centre 

observational study to understand the risk factors and determinants of 

neuropathic pain. Wellcome Open Res. 3, 63 (2018). 

82. Themistocleous, A. C., Crombez, G., Baskozos, G. & Bennett, D. L. Using 

stratified medicine to understand, diagnose, and treat neuropathic pain. Pain 

159, S31–S42 (2018). 

83. Vollert, J. et al. Stratifying patients with peripheral neuropathic pain based on 

sensory profiles: Algorithm and sample size recommendations. Pain 158, 

1446–1455 (2017). 

84. Favennec, M. et al. The Kynurenine Pathway is Activated in Human Obesity 

and Shifted Toward Kynurenine Monooxygenase Activation. Obesity 23, 

2066–2074 (2015). 

85. Favre, D. et al. Tryptophan Catabolism by Indoleamine 2,3-Dioxygenase 1 

Alters the Balance of TH17 to Regulatory T Cells in HIV Disease. Sci. Transl. 

Med. 2, 1–14 (2010). 

86. Sardar, A. M., Bell, J. E. & Reynolds, G. P. Increased concentrations of the 

neurotoxin 3-hydroxykynurenine in the frontal cortex of HIV-1-positive 

patients. J. Neurochem. 64, 932–935 (1995). 

87. Khan, A. et al. Noninvasive Serum Metabolomic Profiling Reveals Elevated 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 56

Kynurenine Pathway’s Metabolites in Humans with Prostate Cancer. J. 

Proteome Res. 18, 1532–1541 (2019). 

88. Platten, M., Nollen, E. A. A., Röhrig, U. F., Fallarino, F. & Opitz, C. A. 

Tryptophan metabolism as a common therapeutic target in cancer, 

neurodegeneration and beyond. Nat. Rev. Drug Discov. 18, 379–401 (2019). 

89. Li, H. et al. The landscape of cancer cell line metabolism haoxin. Nat. Med. 25, 

850–860 (2019). 

90. Baban, B. et al. Indoleamine 2,3-dioxygenase expression is restricted to fetal 

trophoblast giant cells during murine gestation and is maternal genome 

specific. J. Reprod. Immunol. 61, 67–77 (2004). 

91. Jung, S. et al. In vivo depletion of CD11c+ dendritic Cells abrogates priming 

of CD8+ T cells by exogenous cell-associated antigens. Immunity 17, 211–220 

(2002). 

92. Lindquist, R. L. et al. Visualizing dendritic cell networks in vivo. Nat. 

Immunol. 5, 1243–1250 (2004). 

93. Jung, S. et al. Analysis of fractalkine receptor CX3CR1 function by targeted 

deletion and green fluorescent protein reporter gene insertion. Mol. Cell. Biol. 

20, 4106–4114 (2000). 

94. Cunha, T. M. et al. A cascade of cytokines mediates mechanical inflammatory 

hypernociception in mice. Proc. Natl. Acad. Sci. U. S. A. 102, 1755–1760 

(2005). 

95. Moriconi, A. et al. Targeting the minor pocket of C5aR for the rational design 

of an oral allosteric inhibitor for inflammatory and neuropathic pain relief. 

Proc. Natl. Acad. Sci. U. S. A. 111, 16937–16942 (2014). 

96. Sant’Anna, M. B. et al. Medial plantar nerve ligation as a novel model of 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 57

neuropathic pain in mice: Pharmacological and molecular characterization. Sci. 

Rep. 6, 1–13 (2016). 

97. Hargreaves, K., Dubner, R., Brown, F., Flores, C. & Joris, J. A new and 

sensitive method for measuring thermal nociception in cutaneous hyperalgesia. 

Pain 32, 77–88 (1988). 

98. Hunskaar, S. & Hole, K. The formalin test in mice: dissociation between 

inflammatory and non-inflammatory pain. Pain 30, 103–114 (1987). 

99. Cunha, T. M. et al. An electronic pressure-meter nociception paw test for mice. 

Brazilian J. Med. Biol. Res. ) 37, 401–407 (2004). 

100. Santa-Cecília, F. V. et al. The NOD2 signaling in peripheral macrophages 

contributes to neuropathic pain development. Pain 160, 102–116 (2019). 

101. Choi, Y., Wook, Y., Na, H. S., Kim, S. H. & Mo, J. Behavioral signs of 

ongoing pain and cold allodynia in a rat model of neuropathic pain. Pain 59, 

369–376 (1994). 

102. Wilcox, G. L. Intrathecal morphine in mice: a new technique. Eur. J. 

Pharmacol. 67, 313–316 (1980). 

103. Fujigaki, S. et al. L-Tryptophan–L-Kynurenine pathway metabolism 

accelerated by toxoplasma gondii infection is abolished in gamma interferon-

gene-deficient mice: cross-regulation between Inducible nitric oxide synthase 

and indoleamine-2,3-dioxygenase suwako. Infect. Immun. 70, 779–786 (2002). 

104. Fuertig, R. et al. LC – MS / MS-based quantification of kynurenine metabolites 

, tryptophan , monoamines and neopterin in plasma , cerebrospinal fluid and 

brain. Bioanalysis 8, 1903–1917 (2016). 

105. Fuertig, R. et al. LC-MS/MS-based quantification of kynurenine metabolites, 

tryptophan, monoamines and neopterin in plasma, cerebrospinal fluid and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2021. ; https://doi.org/10.1101/2021.01.25.428142doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.25.428142
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 58

brain. Bioanalysis 8, 1903–1917 (2016). 

106. Silva, J. R. et al. Neuroimmune–Glia Interactions in the Sensory Ganglia 

Account for the Development of Acute Herpetic Neuralgia. J. Neurosci. 37, 

6408–6422 (2017). 

107. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data 

using real-time quantitative PCR and the 2-ΔΔCT method. Methods 25, 402–

408 (2001). 

108. Yogev, N. et al. Dendritic cells ameliorate autoimmunity in the cns by 

controlling the homeostasis of PD-1 receptor+ regulatory T cells. Immunity 37, 

264–275 (2012). 

109. Cardona, A. E., Huang, D. R., Sasse, M. E. & Ransohoff, R. M. Isolation of 

murine microglial cells for RNA analysis or flow cytometry. Nat. Protoc. 1, 

1947–1951 (2006). 

110. Ting, J. T., Daigle, T. L., Chen, Q. & Feng, G. Acute brain slice methods for 

adult and aging animals: application of targeted patch clampanalysis and 

optogenetics. Methods Mol. Biol. 1183, 195–204 (2014). 

 

Figure legends 

Fig. 1. IDO1 expression and activity in spinal cord after peripheral nerve injury 

(a) Simplified diagram of the kynurenine metabolic pathway. Time-course of (b) 

mechanical or (c) cold allodynia after spared nerve injury (SNI) model (n=7). (d) Ido1 

mRNA expression in the ipsilateral dorsal horn of the spinal cord after sham (14 days) 

or SNI surgeries (3-21 day after injury) (n=6-8) (e) Western blotting analysis of IDO1 

expression in the ipsilateral dorsal horn of the spinal cord 14 days after sham or SNI 

surgeries (n=5) (f) IDO1 enzymatic activity in the ipsilateral dorsal horn of the spinal 
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cords 14 days after sham or SNI surgeries in WT (n=4, pooled 5) and (g) compared to 

Ido1-/- mice (n=6-8 pooled of 5). Data are expressed as the mean ± s.e.m. *P< 0.05, 

**P< 0.01, ***P< 0.001 versus sham or ###P< 0.001 versus Ido1-/- mice. Two-way 

ANOVA, Bonferroni’s post-test (b and c); One-way ANOVA Bonferroni’s post-test 

(d, and g); Unpaired Student’s t-test (e and f).  

Fig. 2. IDO1 is involved in the maintenance of neuropathic pain but has no role 

in nociceptive or inflammatory pain. (a and b) Mechanical and cold nociceptive 

responses were evaluated before and up to 28 days after SNI and sham surgeries in 

WT and Ido1-/- mice. (n=9). (c) The nociceptive thermal threshold was tested in naïve 

WT and Ido1-/- at 48 ºC, 52 ºC and 56 ºC using the hot-plate test (n=8) (d) Formalin 

1% was used to produce overt pain-like behavior. Total duration (sec) of nociceptive 

behaviors for 0–10 min (1st phase) and for 10–50 min (2nd phase) after formalin 

injection was evaluated in WT and Ido1-/-(n=8) (e) Mechanical nociceptive threshold 

using von Frey filament (n=4-5) was evaluated in WT and Ido1-/- mice followed by 

intraplantar injection of carrageenan (Cg- 100 µg per paw) or vehicle (saline). (f and 

g) Mechanical and thermal (heat) nociceptive threshold using von Frey filament 

(n=7) and Hargreaves’ test, respectively, were evaluated in WT and Ido1-/- mice 

followed by intraplantar injection of CFA (10 µl per paw). (h and i) Mechanical 

nociceptive threshold was determined before and 14 days after SNI. Mice were 

treated i.p. with vehicle or 1-methil-DL-tryptophan (1-Mt, 0.03 - 3 mg/per mouse) or 

norharmane (Nor, 0.2 - 20 mg/kg) and mechanical allodynia was measured up to 24 h 

after treatment (n=6). Data are expressed as the mean ± s.e.m.  *P < 0.05, **P < 0.01, 

***P < 0.001 versus sham or vehicle. # P < 0.05, ###P < 0.001 versus Ido1-/- mice 

and  NS = no statistical significance. Two-way ANOVA, Bonferroni’s post-test (a 

and b, e-i); Unpaired Student’s t-test (c and d). 
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Fig. 3. Up-regulation of IDO1 in peripheral hematopoietic cells compartment 

mediates neuropathic pain. (a) Western blotting analysis of IDO1 expression in the 

dorsal horn of the spinal cord with or without transcardiac perfusion with PBS after 

sham or SNI surgeries (n=4). (b) Time-course of kynurenine (Kyn) levels in the 

serum of mice after sham (14 days) and SNI surgeries (n=11-17 per time point). 

Time-course of Ido1 mRNA (c) (n=5-8 per time point) and protein (d) (n=7 per time 

point) expressions in the draining lymph nodes after sham or SNI surgery. (e) Time-

course of Ido1 mRNA expression in spleen after sham (14 days) or SNI surgeries 

(n=7-8 per time point). (f) Mechanical nociceptive threshold of WT→WT, Ido1-/-

→Ido1-/-, Ido1-/- →WT and WT→ Ido1-/- chimeric mice before (BL) and up to 28 d 

after SNI (n=8). Data are expressed as the mean ± s.e.m. *P < 0.05, **P < 0.01, ***P 

< 0.001 versus sham or ##P < 0.01, ###P < 0.001 versus Ido1-/- mice or perfused 

group. Two-way ANOVA, Bonferroni’s post-test (f); One-way ANOVA, 

Bonferroni’s post-test (a-e). 

Fig. 4. Dendritic cells-expressing IDO1 contributes to the maintenance of 

neuropathic pain. (a) Ido1 mRNA expression in CD11c+ or CD11c- cells isolated 

from the draining lymph nodes 14 days after sham or SNI surgeries (n=2 pooled 5). 

(b) Representative scheme of chimeric CD11cDTR/hema mice establishment. (c) 

Mechanical nociceptive threshold was determined before and up to 12 days after 

sham or SNI surgeries in chimeric CD11cDTR/hema mice treated with vehicle or 

diphtheria toxin (Dtx - 16 ng DTx/g; i.p.) (n=6). (d) Representative dot plots and 

quantification (percentage) of CD11c+ DC cells in the draining lymph nodes 

harvested 14 days after sham or SNI surgeries from chimeric CD11cDTR/hema mice 

treated with vehicle or Dtx (n=6-10). (e) Western blotting analysis of IDO1 

expression in the draining lymph nodes harvested 14 days after sham or SNI 
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surgeries form chimeric CD11cDTR/hema mice treated with vehicle or Dtx (n=3). (f) 

Representative scheme of dendritic cells differentiation and transfer to Ido1-/- or WT 

mice. (g) Mechanical nociceptive threshold before (BL) and up to 14 days after sham 

or SNI in WT and Ido1-/- that were transferred with in vitro differentiated DCs 1 day 

after surgeries (n=5-6). *P < 0.05, **P < 0.01, ***P < 0.001 versus sham or ###P < 

0.001 versus Ido1-/- mice or treatment. Data are expressed as the mean ± s.e.m. Two-

way ANOVA, Bonferroni’s post-test (c and g); One-way ANOVA, Bonferroni’s 

post-test (a, d and e).  

Fig. 5. Cells expressing IDO1 accumulate in the DRL after SNI and contribute to 

the maintenance of neuropathic pain. (a) Time-course of IDO1 expressions in the 

DRGs plus DRL tissues (n=4 per time point). (b) Representative images and (c) 

quantification showing immunoreactivity for IDO1 (red color) double labeled with 

DAPI (cell nuclei; blue) in the ipsilateral region containing DRG (L4), DRL and 

spinal cord from SNI mice (14 day after SNI), bar scale 100 µm. (c) Quantification 

of IDO1-expressing cells in the DRL from SNI mice (14 day after SNI) or sham mice 

(n=6). (d) Time-course of kynurenine (Kyn) levels in the ipsilateral dorsal horn of 

the spinal cord of mice after sham (14 days) and SNI surgeries (n=4 per time point). 

(e) Mechanical nociceptive threshold was determined before and 14 days after SNI. 

Mice were treated intrathecally with vehicle or 1-methil-DL-tryptophan (1-Mt, 0.15 - 

15 µg/per site) and mechanical allodynia was measured up to 7 h after treatment 

(n=5). Data are expressed as the mean ± s.e.m.  *P < 0.05,  **P < 0.001 versus sham 

group. # P < 0.05 versus vehicle treated mice. Two-way ANOVA, Bonferroni’s post-

test (e); One-way ANOVA, Bonferroni’s post-test (a and d); Unpaired Student’s t-

test (c). 

Fig. 6. DCs-expressing IDO1 accumulate in the DRL after SNI and contributes 
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to the maintenance of neuropathic pain. (a) Representative dot plots and 

quantification of CD11c+ (DCs) cells in DRGs plus DRLs harvested 14 days after 

sham or SNI surgeries from WT mice (n=5). (b) Representative images showing 

immunoreactivity for IDO1 (red color) double labeled with CD11c-eGFP (DCs) in 

the ipsilateral DRGs (L4) from SNI mice (14 day after SNI), bar scale 100 µm. (c) 

Representative images showing immunoreactivity for IDO1 (red color) double 

labeled with IBA-1 (macrophages) in the ipsilateral region containing DRG (L4), 

DRL and spinal cord from SNI mice (14 day after SNI), bar scale 100 µm. (d) 

Mechanical nociceptive threshold was determined before and 13 days after SNI. 

Mice were treated intrathecally with vehicle or Diphtheria toxin (DTx, 20 µg/per 

site) and mechanical allodynia was measured up to 48 h after treatment (n=5). (e) 

Western blotting analysis of IDO1 expression in the DRGs plus DRL tissues 

harvested 15 days after SNI mice treated with vehicle or Dtx (n=4). Data are 

expressed as the mean ± s.e.m.  *P < 0.05,  ***P < 0.001 versus sham group. # P < 

0.05 versus vehicle treated mice. One-way ANOVA, Bonferroni’s post-test (d); 

Unpaired Student’s t-test (a, e).  

Fig. 7. KMO is upregulated in the spinal cord after SNI and mediates 

neuropathic pain. (a) Mechanical nociceptive threshold was evaluated before and 

up to 24 h after intrathecal injection of equimolar dose (8 nmol) of kynurenine (Kyn), 

3-3-hydroxykynurenine (3-Hk), 3-Hydroxyanthranilic acid (3-Haa) or vehicle 

(saline) in WT mice (n=4-6). This panel shows representative curves obtained in the 

dose-response analysis of mechanical allodynia caused by equimolar doses of Kyn, 

3-Hk, 3-Haa in WT mice (Supplementary Fig. 8). (b) Time-course of 3-

hydroxykynurenine (3-Hk) levels in the ipsilateral dorsal horn of the spinal cord of 

mice after sham (14 days) and SNI surgeries (n=4-5 per time point). (b) Time-course 
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of Kmo mRNA expression in the ipsilateral dorsal horn of the spinal cord spinal cord 

after sham (14 days) and SNI surgeries. (n=5-8). (c) Western blotting analysis of 

KMO expression in the ipsilateral dorsal horn of the spinal cord after sham (14 days) 

or SNI surgeries (10 and 14 days). (n=4-5). Representative image of KMO 

expression analyzed by immunofluorescence in the dorsal horn of the spinal cord 

after sham or SNI induction (14 days). Scale bar 50 µm. (d) Mechanical nociceptive 

threshold was determined before and 14 days after SNI. Mice were then treated 

intrathecally (i.t.) with Ro 61-8048 (KMO inhibitor; 3–300 nmol) or vehicle and 

mechanical allodynia was measured up to 7 h after treatments (n=5). (d) Mechanical 

nociceptive threshold was determined before and 10 days after SNI followed by 

intrathecal treatment with ShRNA against KMO, ShRNA scramble or vehicle 

(indicated arrows) and mechanical allodynia was measured up to 15 days after SNI 

(n=6). Data are expressed as the mean ± s.e.m.  *P < 0.05, **P < 0.01, ***P < 0.001 

versus sham or saline injected. ##P < 0.01, ###P < 0.001 versus mice treated with 

Ro61-8048 or scramble ShRNA. Two-way ANOVA, Bonferroni’s post-test (a, f and 

g); One-way ANOVA, Bonferroni’s post-test (b, c and d). 

Fig. 8.  KMO expression cell profile in the spinal cord after SNI. (a) 

Representative images showing immunoreactivity for KMO (red color) double 

labeled with anti-GFAP (astrocytes), anti-IBA1 (microglia) or anti-NeuN (neurons) 

in the ipsilateral dorsal horn of the spinal cord from SNI mice (14 day after SNI), bar 

scale 5 µm. (b) Representative FACS sorting strategy for microglia cells (CX3CR1-

eGFP+ cells) and astrocytes (ACSA2+) isolation from spinal cord (b) Cx3cr1, Gfap 

and Kmo mRNA expression in microglia and astrocytes isolated from the spinal cord 

(pooled of 8).   

Fig. 9.  Astrocytes-expressed KMO maintains neuropathic pain. Primary cultured 
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astrocytes from mouse cortex were stimulated with (a) TNF (10 ng/ml) and (b) 

microglia conditional medium (MCM). After indicated time points, mRNA was 

extracted and Kmo expression was analyzed by real-time PCR. (c) Primary cultured 

astrocytes from mouse cortex were stimulated with TNF (10 ng/ml) or MCM. The 

expression of KMO in the cell extract was evaluated 24 h after stimulation by western 

blotting.  (e) Schematic of the astrocyte-specific shRNA targeting lentiviral vector 

used to knockdown KMO in astrocytes of the spinal cord. (f) Mechanical nociceptive 

threshold was determined before and 9 days after SNI followed by intrathecal 

treatment with lentiviral vectors expressing ShRNA Control or shRNA Kmo (n = 4-5) 

at days 10 and 13 after SNI. Mechanical allodynia was measured up to 16 days after 

SNI and ipsilateral dorsal horn of the spinal cord was collected for analyses of (g) 

KMO expression (n=4). Data are expressed as the mean ± s.e.m. *P < 0.05, versus 

medium treated  # P < 0.05, versus mice treated with scramble ShRNA. Two-way 

ANOVA, Bonferroni’s post-test (f); One-way ANOVA, Bonferroni’s post-test (a-d 

and g). 

Fig. 10. The 3-hydroxyanthranilic acid dioxygenase (HAAO)-derived quinolinic 

acid (QA) mediates neuropathic pain through the up modulation of NMDA 

currents. (a) Mechanical nociceptive threshold was evaluated before and up to 28 

days after SNI and sham surgeries in Haao+/+ and Haao-/- mice (n=4-8). (b) Levels of 

quinolinic acid (QA) was determined in the ipsilateral and contralateral dorsal horn of 

the spinal cord of mice after SNI surgery (14 days after surgery; n=9). (c) 

Representative images of in situ hybridization (ISH) analysis of Haao (magenta color) 

triple stained with HAAO (green color) and CD11c (red color) immunoreactivity and 

DAPI (cell nuclei; blue) in the ipsilateral region containing DRG (L4), DRL and 

spinal cord from mice harvested 14 day after SNI surgery. Bar scale 128 µm. (d) 
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Quantification of Haao and HAAO-expressing cells in the DRL from SNI mice (14 

day after SNI) or sham mice (n=3-5). (e) Mechanical nociceptive threshold was 

determined before and 14 days after SNI. Mice were treated i.p. with vehicle or 

HAAO inhibitor (0.1 and 1 µmol/i.th.) and mechanical allodynia was measured up to 

24 h after treatment (n=6). Data are expressed as the mean ± s.e.m.  *P < 0.05, **P < 

0.01, ***P < 0.001 versus sham or vehicle. # P < 0.05, ###P < 0.001 versus Haao-/- 

mice. Two-way ANOVA, Bonferroni’s post-test (a and e); Unpaired Student’s t-test 

(b and d). 

 

Fig. 11. The pronociceptive activity of quinolinic acid (QA) depends on up 

modulation of NMDA currents. (a) Mechanical nociceptive thresholds were 

evaluated before and up to 48 h after intrathecal injection of quinolinic acid (QA, 0.8-

80 nmol/i.t.) or vehicle (saline) in WT mice (n=5). (b) Mechanical nociceptive 

threshold was evaluated before and up to 48 h after intrathecal injection of QA (80 

nmol) in mice pretreated with MK801 (10 nmol/i.t.) or vehicle (n=4-5). (c) 

Representative trace and (d) quantification of QA (5-500 μM) eliciting an inward 

current (n=5) and promoting an augmentation in peak-to-peak noise variance (e, n=5) 

in spinal cord neurons. (f and g) Both effects were antagonized by the NMDA 

antagonist DAP-5 (50 µM, n=4). *P < 0.05, **P < 0.01, ***P < 0.001 versus sham, 

treatment or current baseline. ###P < 0.001 versus Haao-/- mice. Two-way ANOVA, 

Bonferroni’s post-test (a and b); Unpaired Student’s t-test (g); Pared t-test (d and e). 

(means ± SEM). 
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