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Introduction 

Acute injuries of the peripheral nervous system (PNS) are relatively common, 

with a yearly incidence of 3.69-13.9 per 100 000, occurring mostly in young 

individuals. While PNS injuries are mostly not life-threatening conditions, 

they can result in a significant decline in the quality of life, especially when 

the reinnervation of muscles is delayed, leading to muscle atrophy and 

permanent loss of function. The currently accepted clinical therapy for 

peripheral nerve injury is surgical reconstruction, however, several different 

factors limit the success rate of reconstructive surgeries. While injury-induced 

inflammation might have both beneficial and detrimental aspects, 

overactivation of pro-inflammatory pathways can negatively influence the 

regenerative outcome. Nucleotide-binding oligomerization domain-, Leucine-

rich Repeat- and Pyrin domain-containing protein (NLRP)3 is a pattern 

recognition receptor, the activation of which leads to the release of pro-

inflammatory cytokines interleukin-1β (IL-1β) and IL-18. Initially the NLRP3 

inflammasome was identified as a potential drug target in autoimmune 

diseases, but recently the involvement of NLRP3 has also been indicated in 

the pathomechanism of various disorders ranging from type 2 diabetes to 

neurodegenerative disorders. Based on this, novel small molecule inhibitors 

were developed in order to target the NLRP3 inflammasome, and earlier 

elements of the inflammatory pathway, such as the P2X4 purinergic receptor. 

Additionally, diazoxide (DZX), a mitochondrial KATP channel opener, was 

also shown to reduce NLRP3 activation in ischaemia/reperfusion injury by 

protecting mitochondria. Based on this, DZX might act as a potential 

modulator of the inflammasome pathway. 

Aims 

In our experiments we aimed at exploring the involvement of the NLRP3 

inflammasome pathway following acute nerve injury and identifying potential 



therapeutical targets through modulation of the inflammasome response. Our 

specific aims were the following: 

- to examine the possible activation of the NLRP3 inflammasome 

after peripheral injury 

- to evaluate the effect of NLRP3 inflammasome inhibition on the 

regenerative outcome after sciatic nerve injury, 

- to assess the involvement of the ATP-P2X4-NLRP3 following 

sciatic nerve injury through inhibition of the P2X4 receptor 

- to determine whether the neuroprotective effect of diazoxide is 

linked to the regulation of the inflammasome cascade and 

repression of microglial activation. 

Results 

NLRP3 expression in the hypoglossal and oculomotor nucleus following 

axotomy 

Changes in the NLRP3 expression were assessed in the oculomotor and 

hypoglossal nucleus 4 days after hypoglossal nerve axotomy or oculomotor 

target deprivation injury. Under control (i.e., intact) conditions, a faint basal 

NLRP3 staining was present in both sides of the oculomotor and hypoglossal 

nuclei in mouse brain sections. Target deprivation in the case of the 

oculomotor nucleus led to the increase in the area of the NLRP3 staining 

which was absent on the contralateral side serving as an internal control. 

Similar change was visible in the hypoglossal nucleus after hypoglossal 

axotomy; however, the reaction was more intense. The majority of NLRP3-

positive cells were NeuN- and ChAT-positive, indicating motoneuronal 

NLRP3 upregulation. In order to identify further cell types that might respond 

with the upregulation of NLRP3 to peripheral nerve injury, double staining 

with Iba1 and GFAP was performed. Interestingly, 4 days after the axotomy, 



the majority of the microglia were not stained with the NLRP3 antibody, only 

a few microglial cells were NLRP3-positive. Similarly, NLRP3 was 

upregulated only in a small fraction of astrocytes, and astrocytic endfeet were 

largely excluded as demonstrated by the double staining with the astrocyte 

endfeet marker aquaporin-4. Quantitative analysis revealed that the NLRP3 

increase was significant in both the oculomotor nucleus and the hypoglossal 

nucleus after the nerve transection, when compared to the contralateral (intact) 

side. Furthermore, NLRP3 increase was significantly lower in the oculomotor 

nucleus compared to the hypoglossal nucleus following axotomy. 

Figure 1. NLRP3 

translocation from 

motoneuronal 

nuclei to the 

cytoplasm in 

response to 

hypoglossal nerve 

axotomy. Top 

panels (on both 

the non-operated 

and operated 

sides): lower 

magnification; 

bottom panels: 

high 

magnification. 

In the intact hypoglossal nucleus and on the intact side of the hypoglossal 

nucleus after axotomy the majority of NLRP3 staining was located in the 

nuclei of neurons. In response to the transection of the hypoglossal nerve, the 

staining appeared mainly in the cytoplasm, in parallel to the weakening of the 

nuclear NLRP3 staining, indicating nucleo-cytoplasmic translocation 



(Figure 1). Quantitative analysis revealed that the ratio of neurons showing 

cytoplasmic NLRP3 was significantly higher on the injured side of the 

hypoglossal nucleus following axotomy. The activation of inflammasomes 

involves formation of a multiprotein complex, which includes the binding of 

NLRP3 with the adaptor molecule ASC. Similarly to NLRP3, ASC was also 

upregulated after axotomy in the hypoglossal nucleus (Figure 2A). 

Immunofluorescent staining performed with NLRP3, and ASC showed 

significant overlap of the staining, mainly in neurons (Figure 2B). 

Interestingly, the colocalization could be observed in the neuronal nuclei as 

well. Although NLRP3 could be detected in GFAP-positive cells as well, there 

was almost no colocalization with ASC (Figure 2C), indicating a neuron-

specific inflammasome formation following axotomy. 



Figure 2. Colocalization and upregulation of inflammasome components in the 

hypoglossal nucleus. (A) ASC staining in the hypoglossal nucleus after axotomy (B) 

NLRP3 and ASC staining in the hypoglossal nucleus following axotomy. Solid arrows 

indicate the colocalization of NLRP3 and ASC. Dashed arrows indicate NLRP3 without 

colocalization with ASC. (C) NLRP3, ASC and GFAP staining in the hypoglossal 

nucleus after axotomy. Solid arrows indicate colocalization of NLRP3 and ASC in the 

nucleus and cytoplasm of the cells. Dashed arrow indicates colocalization of NLRP3 

with GFAP, but not with ASC. 

To further examine NLRP3 inflammasome activation, the protein levels of 

active IL-1β and IL-18 were quantified with western blot in the hypoglossal 

nucleus following axotomy. PNI resulted in a 1.507-fold increase of pro-IL-

1β levels, indicative of the priming stage of inflammasome activation. In 

addition, a 1.873-fold increase of the active IL-1β levels was detected in the 

axotomized hypoglossal nucleus compared to the control side. Similarly, a 

1.893-fold increase was observed in the active IL-18 levels after axotomy. 

Effect of DZX on NLRP3 expression and microglial activation after 

hypoglossal nerve axotomy 

Next, we aimed to investigate the effect of the neuroprotective agent DZX on 

the axotomy-induced NLRP3 upregulation, thus we treated animals for 3 days 

post-surgery with DZX. Diazoxide diminished the increase in NLRP3 

expression compared to the vehicle-treated group following axotomy in the 

hypoglossal nucleus. The effect of DZX on microgliosis was examined 7 days 

post-axotomy in the hypoglossal nucleus. Following axotomy, an elevated 

microglial reaction was observed on the operated side. In the DZX-treated 

group, the microglial activation decreased in comparison to the non-treated 

and DMSO-treated groups, but this change did not reach a significant level. 

To further clarify the effect of DZX on microglia, their morphology was also 

assessed in the hypoglossal nucleus. K-means-based Farthest-First cluster 



analysis resulted in 2 separate cell clusters with a ramified-like (cluster A) and 

a bushy-like (cluster B) morphology. 92.5 % of the examined microglial cells 

were sorted into cluster A on the control side of the hypoglossal nucleus. This 

dramatically changed on the injured side, where all analyzed microglia were 

sorted into cluster B. A similar change was observed in the DMSO-treated 

injured side, where 90 % of the microglia were categorized into cluster B. 

DZX treatment could prevent this shift to cluster B phenotype. 

Effect of DZX on motoneuronal survival and mitochondrial morphology 

The effect of DZX on motoneuronal survival was also assessed by 

stereological cell counting in the hypoglossal nucleus to determine the 

neuroprotective effect of DZX. On day 7 after hypoglossal axotomy, we 

detected no motoneuronal loss based on the ratio of motoneurons compared 

to the control side. DMSO or DZX treatment had no significant effect on this 

ratio. Since DZX is known to modulate mitochondrial function, we conducted 

ultrastructural analysis of mitochondrial morphology to further examine the 

effect of DZX 4 days after axotomy. The shape of mitochondria was more 

circular in the motoneurons on the control side of the hypoglossal nucleus 

(Figure 3A), but elongated mitochondria with ellipsoid shape and with an 

increased Feret’s diameter could be observed in the motoneurons of the 

injured side of the hypoglossal nucleus (Figure 3B). DZX treatment restored 

this altered morphology and the Feret’s diameter of these organelles in the 

hypoglossal motor neurons (Figure 3C). The ratio of the Feret’s diameter of 

the injured motoneuronal mitochondria compared to the control side was 

increased in the axotomized and in the vehicle (DMSO) control groups, 

implicating increased oxidative burden. This elevation could be prevented 

with DZX. The morphology of microglial mitochondria was also examined, 

but none of the measured parameters showed significant changes. 



Figure 3. Changes of the mitochondrial morphology of hypoglossal motoneurons 4 

days after axotomy. (A) Electron microscopic images from the control hypoglossal 

nucleus without any treatment show round-shaped mitochondria with small Feret’s 

diameter. (B) Motoneuronal cytoplasm from the non-treated operated side shows more 

ellipsoid morphology with increased Feret’s diameter. Besides the changes in the shape 

of these organelles, dilated cristae in the mitochondria could be noted on the operated 

side. (C) In the DZX-treated group, mitochondria regained their physiological 

morphology represented by their round shape and small Feret’s diameter. 

NLRP3 expression in the spinal cord and sciatic nerve following PNI 

Next, we examined NLRP3 inflammasome activation following sciatic nerve 

axotomy. In the L4-L5 spinal cord segments NLRP3 protein expression was 

upregulated in the injured side at 1, 3 and 7 days post-axotomy. Already on 

days 1 and 3 after axotomy, NLRP3 was observed in motoneurons, as revealed 

by ChAT and NLRP3 double staining. The NLRP3 staining was either 

cytoplasmic or cytoplasmic and nuclear on the injury side, as observed in our 

previous experiments following hypoglossal axotomy. Notably, NLRP3 

showed strong colocalization with the inflammasome adaptor protein ASC in 

the nuclei and later in the cytoplasm of motoneurons, predicting 

inflammasome assembly. While NLRP3 was almost exclusively expressed in 

neurons in the first 3 days, on day 7 post-injury the NLRP3 signal appeared 

in GFAP- and Iba1-positive cells as well, however, without significant 

colocalization with ASC. Nevertheless, NLRP3-positive microglia showed an 



activated phenotype. Importantly, NLRP3 and ASC were upregulated not only 

in the spinal cord, but also in Schwann cells and in the microglia/macrophage 

population at the proximal end of the injured sciatic nerve, 3 days after the 

injury, accompanied by the increase of p75 and Iba1 expression as well. These 

results indicate that there is a parallel activation of NLRP3 in both the injured 

spinal cord and axotomized proximal nerve trunk, however with the 

involvement of different cell types. 

Effect of NLRP3 inhibition on the microgliosis and astrogliosis in the 

spinal cord after sciatic nerve axotomy 

Microgliosis became clearly detectable on the injured ventral horn of the L4-

L5 spinal cord segments on day 3 post-axotomy, when inflammasomal 

reaction was still restricted to motoneurons. Strong microglial reaction was 

present in the vehicle-treated animals, whereas the NLRP3 inhibitor MCC950 

diminished the microglial reaction. Microgliosis was even higher on day 7 in 

the injured ventral horn of the vehicle-treated animals, whereas administration 

of MCC950 for 3 days significantly decreased microglial reaction 7 days after 

the injury. Astrogliosis was much weaker than microgliosis both on days 3 

and 7 but could be reduced with MCC950. In addition, administration of the 

NLRP3 inhibitor MCC950 in the first 3 days after axotomy reduced the extent 

of colocalization of Iba1 and NLRP3 on day 7 post-injury but did not have 

any diminishing effect on the weak colocalization of GFAP and NLRP3.  

Inhibition of inflammasome activation promotes neural regeneration 

To assess the functional outcome following sciatic nerve injury, nerve stumps 

were coapted with epineural sutures. We hypothesized that NLRP3 activation 

is induced, at least partly, through an extracellular ATP – purinergic receptor 

pathway, thus the effect of P2X4 receptor-specific inhibitor 5-BDBD was 

evaluated, in addition to the NLRP3 inflammasome inhibitor MCC950. 

Functional recovery, measured with the sciatic functional index (SFI) method, 



was followed for 8 weeks in untreated animals and mice treated with vehicle, 

5-BDBD or MCC950 in the first 3 days after axotomy and coaptation. In the 

untreated and vehicle-treated groups, a slow, but steady increase of the SFI 

was observed during the 8-week regenerative period. In contrast, in animals 

treated with 5-BDBD or MCC950, a sharp initial recovery started on day 3 

after coaptation, followed by a continuous improvement of SFI values. From 

week 2 after coaptation, a significant difference was noted between treated 

and control groups until the end of the observation period. No significant 

difference was detected within the treated and control groups, i.e., both the 5-

BDBD and MCC950-treated groups performed equally well and DMSO 

treatment had no effect on functional recovery. To quantify the number of 

motoneurons whose axons were able to grow through the coaptation site and 

regenerate into the distal sciatic nerve stump, retrograde labeling of 

regenerating motoneurons was performed. Fast Blue (FB) stained fewer 

motoneurons in the injured side of the spinal cord of untreated and vehicle-

treated animals compared to the intact side, whereas 5-BDBD and MCC950 

increased the number of FB-positive motoneurons in the spinal cord on the 

injured side. As expected from previous studies, less than 80 % of the total 

sciatic motoneuron pool were able to regenerate their axons into the distal 

stump in the untreated and vehicle-treated animals, while almost all axons of 

the sciatic motoneuron population grew beyond the coaptation site in animals 

treated with 5-BDBD or MCC950. As expected, axotomy only induced a 

slight reduction in the number of ChAT-positive motoneurons (to 90-95 %). 

Although the difference was not significant, both 5-BDBD and MCC950 were 

able to prevent motoneuron loss in the injured motor pool. In order to study 

the early events of axonal regrowth including growth rate and number of 

regenerating axons, IF staining was performed using antibodies against 

neurofilament (NEFM) and the Schwann cell marker p75 in the coaptation 

region of the sciatic nerve, 5 days after nerve axotomy and coaptation. In 



vehicle-treated animals, limited number of axons growing through the 

coaptation zone (Figure 4A) was observed at this relatively early time point 

following the axotomy + coaptation. Treatment of the animals with MCC950 

increased the length and especially the number of regenerating axons (Figure 

4B). These results support our expectations that morphological improvements 

precede the functional changes. Quantification of the number and length of 

regrowing axons indicated a more than twofold improvement in regeneration 

in the MCC950-treated animals compared to vehicle-treated mice. These 

results show that inhibition of NLRP3 activation in lumbar motoneurons not 

only hinders microgliosis but also facilitates axonal recovery after sciatic 

nerve injury. 

Figure 4. Effect of MCC950 on axonal regrowth 5 days after sciatic nerve axotomy and 

coaptation. (A-B) Confocal images of injured sciatic nerves stained with p75 and 

NEFM. In the vehicle-treated animals (A) a minimal number of short axons growing 

through the coaptation zone was observed. In comparison, in the MCC950-treated 

animals (B) a vast number of axons of various lengths have grown through the zone of 

coaptation. Dashed line indicates the zone of coaptation. 

Summary 

Peripheral nerve injuries are accompanied by inflammatory reactions, over-

activation of which may hinder recovery. Among pro-inflammatory 



pathways, inflammasomes are one of the most potent, leading to release of 

active IL-1β. Our aim was to understand how inflammasomes participate in 

central inflammatory reactions accompanying peripheral nerve injury. 

Hypoglossal and sciatic nerve axotomy and target deprivation of the 

oculomotor nerve resulted in the upregulation of NLRP3 in the corresponding 

brain nuclei and the ventral horn of the lumbar spinal cord. Increased levels 

of IL-1β and IL-18 were detected in the axotomized hypoglossal nucleus, 

indicating inflammasome activation. Although glial cells are traditionally 

viewed as initiators of neuroinflammation, in this acute phase of 

inflammation, NLRP3 inflammasome activation was found exclusively in 

affected motoneurons. The upregulation of NLRP3 was also accompanied by 

its nucleo-cytoplasmic translocation in the injured motoneurons. Although at 

later time points the NLRP3 protein was upregulated in microglia too, no signs 

of inflammasome activation were detected in these cells. Inhibition of 

inflammasome activation with MCC950 in motoneurons in the first 3 days 

after nerve injury hindered development of microgliosis in the spinal cord. 

Moreover, P2X4 or inflammasome inhibition in the acute phase significantly 

enhanced nerve regeneration on both the morphological and the functional 

levels. DZX treatment reduced upregulation of NLRP3, likely through 

restoring mitochondrial morphology in motoneurons. Our results indicate that 

the central reaction initiated by sciatic nerve axotomy starts with 

inflammasome activation in the injured motoneurons, which triggers a 

complex inflammatory reaction and activation of microglia. Inhibition of 

neuronal inflammasome activation not only leads to a significant reduction of 

microgliosis but has a beneficial effect on the recovery as well. 
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