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SUMMARY 

Activation of spinal microglia following peripheral nerve injury is a central component of neuropathic 

pain pathology. While the contributions of microglia-mediated immune and neurotrophic signalling have 

been well-characterized, the phagocytic and synaptic pruning roles of microglia in neuropathic pain 

remain unknown. Here, we show that peripheral nerve injury induces engulfment of dorsal horn synapses 

by microglia, leading to a preferential loss of inhibitory synapses. This synapse removal is dependent on 

the microglial complement-mediated synapse pruning pathway, as mice deficient in complement C3 do 

not exhibit synapse elimination. Furthermore, pharmacological inhibition of the complement protein C1q 

prevents dorsal horn inhibitory synapse loss and attenuates neuropathic pain. Thus, these results 

demonstrate that the complement pathway promotes persistent pain hypersensitivity via microglia-

mediated engulfment and loss of inhibitory synapses in the dorsal horn of the spinal cord, revealing C1q 

as a novel therapeutic target in neuropathic pain. 

 

KEYWORDS 

Neuropathic pain, spinal cord, structural plasticity, microglia, synapse pruning, disinhibition, 

complement system, C1q. 
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INTRODUCTION 

Damage or disease of the nervous system can provoke a form of a pathological pain known as neuropathic 

pain 1. Symptoms of this debilitating disorder include spontaneous, ongoing, or shooting pain, in addition 

to an amplified pain sensation in response to both noxious and innocuous stimuli 2. It is becoming 

increasingly evident that activation of spinal microglia, the resident immune cells in the central nervous 

system, plays a crucial role in the development of neuropathic pain 3,4. Following nerve injury, spinal 

microglia increase in number and undergo drastic morphological changes 5. These changes are 

accompanied by an upregulation of genes associated with the reactive state of microglia, the production 

and release of potent immune mediators and neuromodulators, and an increase in phagocytotic activity 

6-8. Of these functions, far less is known about the role of microglial phagocytosis within the context of 

synapse pruning, and its implications in modulating spinal cord synaptic connectivity in neuropathic 

pain. This is particularly important because maladaptive structural changes in the dorsal horn, such as 

loss of inhibitory synapses, are likely key contributing factors to the chronic nature of neuropathic pain 

9,10. 

During development, microglia prune synapses by employing various phagocytic signalling pathways 11. 

In early postnatal life, microglia use the classical complement pathway to identify and remove weak 

synapses in the visual system 12. In this model, complement proteins C1q and C3-derived complement 

fragment C3b are localized to synapses that are then targeted for engulfment by microglia via 

complement receptor 3 (CR3) signaling. On the other hand, microglia use the fractalkine receptor, 

CX3CR1, to regulate dendritic spine formation on hippocampal neurons 13. Signaling between CX3CR1, 

and its ligand, neuronal CX3CL1, results in the elimination of weak synapses. Interestingly, these 

pathways are reactivated in several neurological disorders in adults 14-16. In animal models of neuropathic 

pain, microglial surface receptors CR3 and CX3CR1 are upregulated in the spinal cord, suggesting that 
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these pruning pathways might play a role in the pain pathology. 17,18. However, whether they directly 

contribute to the sensory symptoms of neuropathic pain remains unknown. 

Here, we used a preclinical model of neuropathic pain to investigate engulfment of synaptic elements in 

combination with changes in synapse numbers in the dorsal spinal cord. We demonstrated that while 

nerve injury-activated microglia engulf both spinal inhibitory and excitatory terminals, there is a marked 

loss of inhibitory, but not excitatory synapses. Furthermore, we found that global depletion of microglia, 

genetic deletion of complement C3, and pharmacological inhibition of C1q fully protect against 

inhibitory synapse loss and unmask the dynamics of excitatory synapse changes. Therefore, we conclude 

that the complement pathway mediates synapse elimination in the dorsal horn of the spinal cord following 

nerve injury. Importantly, pharmacological inhibition of C1q alleviated mechanical hypersensitivity and 

interfered with the maintenance of the pathology. Together, these results uncover a previously 

unrecognized role of the CR3 synapse pruning pathway in neuropathic pain and reveal that targeting C1q 

is a novel disease-modifying strategy to prevent maladaptive dorsal horn synaptic reorganization 

following peripheral nerve injury. 

 

RESULTS 

Nerve injury triggers engulfment of presynaptic terminals by microglia 

We first assessed the phagocytic capacity of spinal microglia to engulf inhibitory and excitatory neuronal 

elements at different time points after peripheral nerve injury. Mice were subjected to spared nerve injury 

(SNI), and engulfment of neuronal elements by dorsal horn microglia was quantified at day 3, 7, 14, and 

21 post-SNI. To identify and differentiate inhibitory and excitatory neuronal structures, we used mice 

expressing TdTomato fluorescent protein in all inhibitory neurons (Gad2Cre; tdTomato, referred to as 

Gad2-tdTom, Figure 1a) and substance P+ excitatory neurons (Tac1Cre; tdTomato, referred to as Tac1-

tdTom, Figure 1b). Substance P is expressed in a subset of excitatory spinal interneurons that are 
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implicated in nociceptive transmission 19. We focused our analysis on lamina II of the spinal dorsal horn 

where neuronal circuits that are critical for sensory information processing exist 20. To quantify 

engulfment of genetically labeled inhibitory and excitatory neuronal elements, high-resolution three-

dimensional stacks of dorsal horn microglia were analyzed for the presence of neural-derived tdTomato+ 

elements within microglial CD68+ lysosomes (Figures 1c-d and S1a-b). Notably, a significant increase 

in the total volume of inhibitory and excitatory neuronal elements within lysosomes of ipsilateral 

microglia was observed at day 7 post-SNI, but not at day 3 (Gad2-tdTom: t88 = 9.6, p < 0.0001; Tac1-

tdTom: t88 = 7.4, p < 0.0001) (Figures 1e and 1f). This phagocytic activity of microglia peaked at 7 days 

after injury and remained elevated for the following two weeks (Gad2-tdTom: t88 = 3.7, P = 0.0012; Tac1-

tdTom: t88 = 3.3, p = 0.0043). Temporal analysis showed no significant difference in the time course of 

engulfment of inhibitory and excitatory elements, however, a greater volume of inhibitory as compared 

to excitatory elements was engulfed at day 7 post-SNI (t22 = 1.3, P < 0.0001) (Figure 1e and 1f). 

To further study which sub-cellular components of dorsal horn neurons were engulfed by microglia, we 

performed immuno-colocalization analyses of CD68, and markers of different neuronal compartments 

within Iba1-labeled microglia. To assess the engulfment of synaptic terminals of inhibitory and excitatory 

interneurons, we used immunohistochemistry to detect synapse-specific proteins, VGAT and VGLUT2, 

respectively (Figures 1g and 1h). Engulfment quantifications of specific synaptic markers showed a 

similar trend to engulfment of neuronal elements (Figure 1i-j). At day 7 post-injury, there was a two-fold 

increase in the total volume of VGAT+ and VGLUT2+ terminals within microglial lysosomes sampled 

from the ipsilateral dorsal horn as compared to the contralateral side (VGAT: t88 = 8.5, P < 0.0001; 

VGLUT2: t88 = 4.7, P < 0.0001) (Figures 1i and 1j). Consistent with our previous results, we detected an 

increase in engulfment at day 14 and day 21 post-SNI for both synaptic markers (Figures 1i and 1j).  

To determine whether other neuronal structures were engulfed by microglia, we examined the 

engulfment of neuronal cell bodies, marked by NeuN, as well as inhibitory (gephyrin) and excitatory 
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(homer1) postsynaptic structures and found no evidence of their engulfment at 3, 7, 14, and 21 days post-

SNI (Figures S2a-c). We further counted dorsal horn inhibitory (Gad2+) and excitatory (Tac1+) neurons 

at day 21 post-injury and found no change in the number of these neurons suggesting that the increase in 

engulfment of presynaptic elements was not caused by neuronal loss (Figure S2d). Thus, both inhibitory 

and excitatory presynaptic terminals are engulfed by nerve injury-activated microglia in the dorsal horn 

of neuropathic mice. 

 

Transient depletion of microglia attenuates mechanical hypersensitivity and prevents dorsal horn 

synapse loss 

It is well established that microglia play an important role in neuropathic pain pathology 21 as both 

chronic or acute targeting of microglia have been shown to prevent and reverse pain behavior in models 

of neuropathic pain 4,7. To study the contribution of microglia-mediated synaptic engulfment to 

neuropathic pain, we transiently depleted microglia during the peak of their engulfment activity, 

determined based on the temporal analysis of synapse engulfment (Figures 1i-j). To this end, we 

pharmacologically blocked microglial survival signaling, using PLX3397 (colony stimulating factor 1 

inhibitor), for 6 consecutive days starting from day 5 post-injury (Figure 2a). PLX3397 depleted 91% of 

dorsal horn microglia and eliminated the nerve injury-induced difference in microglial count between 

ipsilateral and contralateral dorsal horn by the end of the treatment period on day 10 post-SNI (vehicle: 

t40 = 9.2, P < 0.0001; PLX3397: t40 = 0.2, P > 0.9999) (Figures 2b-c). Within 10 days following the end 

of treatment, microglia repopulated the dorsal horn with a greater number of cells in the ipsilateral side 

as compared to the contralateral side (vehicle: t40 = 8.9, P < 0.0001; PLX3397: t40 = 3.6, P = 0.0026) 

(Figures 2b and 2c). Next, we assessed the effect of transient depletion of microglia on mouse pain 

behavior. We observed a reduction in mechanical hypersensitivity at all time points following SNI in 

PLX3397-treated mice as compared to vehicle-treated mice (treatment × repeated measures: F3,120 = 25.8, 
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p < 0.0001) (Figure 2d). Importantly, the effect of transient depletion of microglia during the peak of 

engulfment persisted longer than the treatment period, suggesting that microglia-mediated synapse 

engulfment has a long-lasting effect on pain behaviour. 

To determine whether nerve injury induces synapse loss and if this loss is caused by microglia-mediated 

engulfment of presynaptic terminals, dorsal horn inhibitory and excitatory synapse densities were 

quantified in neuropathic mice using structured illumination microscopy (SIM). For inhibitory synapses, 

presynaptic terminals were labeled with antibodies against VGAT, and postsynaptic sites were labeled 

with anti-gephyrin. A synapse was counted when VGAT and gephyrin immunoreactive puncta were in 

close apposition (Figure 2e). Consistent with previous reports 10, peripheral nerve injury resulted in a 

27% reduction in the number of lamina II inhibitory synapses quantified as density of VGAT and 

gephyrin pairs (vehicle: t96 = 4.0, P = 0.0002) (Figure 2f). Notably, depletion of microglia prevented loss 

of inhibitory synapses in the ipsilateral dorsal horn without affecting the contralateral dorsal horn synapse 

density (PLX3397: t96 = 0.3, P > 0.9999) (Figure 2f). To assess excitatory synapse density, presynaptic 

terminals were labeled with anti-VGLUT2 antibody and postsynaptic excitatory sites were labeled with 

anti-homer1 antibody (Figure 2g). In lamina II of the dorsal horn, VGLUT2 marks terminals of IB4-

binding peripheral sensory neurons as well as those of spinal cord excitatory interneurons. To exclude 

VGLUT2+ terminals of sensory neurons from our analysis, we only quantified pairs between VGLUT2+ 

terminals and homer1+ postsynaptic puncta that were IB4 negative (Figure S3). Quantifications of 

VGLUT2+ IB4- excitatory synapses showed no difference between ipsilateral and contralateral dorsal 

horns in vehicle-treated animals (vehicle: t96 = 0.3, P > 0.99) (Figure 2h). Surprisingly, microglial 

depletion resulted in a 13% increase in ipsilateral dorsal horn excitatory synapse density (PLX3397: t96 

= 2.5, P = 0.0232) (Figure 2h). Taken together, these data show that transient depletion of microglia 

during the peak of synapse pruning attenuates mechanical hypersensitivity and prevents loss of dorsal 

horn inhibitory synapses in the SNI model of neuropathic pain. 
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Peripheral nerve injury induces microglial CR3 and CX3CR1-mediated synapse pruning 

pathways 

We next investigated which microglial synapse pruning pathway mediates elimination of presynaptic 

terminals in neuropathic pain. RNA-seq data of spinal cord at day 7 post-SNI, when microglial 

engulfment activity peaks, was analyzed using selected Gene Ontology (GO) annotations and revealed 

that synapse pruning pathways were significantly up-regulated in the spinal cord of SNI mice as 

compared to naive animals (ES = +0.99, P = 1.0x10-2, FDR = 11%) 22. Specifically, genes related to CR3 

and fractalkine receptor (CX3CR1) pathways, two main molecular pathways associated with synapse 

pruning, were significantly increased (Figure 3a). We next assessed protein levels of the main signaling 

molecules within these pathways in the spinal cord of neuropathic mice.  

In the CR3 synapse pruning pathway, C1q and C3-derived complement fragment C3b are localized to 

vulnerable synapses, promoting microglia-mediated synaptic engulfment via microglial C3 receptor 

(CR3) (Figure 3b) 12. Quantification of C1q, and C3 protein levels in the dorsal horn of neuropathic mice 

at day 7 post-SNI revealed a significant increase in C1q and C3 expression (C1q: t9 = 17.9, P < 0.0001; 

C3: t9 = 5.6, P = 0.0003) (Figures 3c1-2, and 3d1-2). Moreover, the number of CR3 immunoreactive 

microglia was also significantly increased (≈ 3.5-fold) in the ipsilateral dorsal horn at day 7 post-injury 

(CR3: t7 = 11.7, P < 0.0001) (Figures 3e1-2). Temporal analysis of C1q, C3, and CR3 expression showed 

an earlier and greater increase in CR3 and C1q levels starting at day 3 following injury (Figure S4a). 

This was followed by a significant increase of C3 at day 7 post-injury (D3 vs. D7: t10 = 2.8, P = 0.0171). 

By the end of the third week after injury, C1q expression showed a modest decline while C3 and CR3 

levels remained stable (D7 vs. D21: t10 = 2.4, P = 0.0356) (Figure S4a).  

The other major synapse pruning pathway identified in our RNA-seq dataset operates through the binding 

of the neuronal chemokine fractalkine (CX3CL1) to its microglial receptor CX3CR1 (Figure 3b) 13. We 
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observed immunoreactivity of CX3CL1 in the dorsal horn of the spinal cord, however, further analysis 

of CX3CL1 expression showed no injury-dependent overall change (Figures 3f1-2). Conversely, there 

was a significant increase in CX3CR1 expression at 7 days post-injury, quantified as overall fluorescence 

intensity within the dorsal horn (t5 = 3.6, P = 0.0146) (Figures 3g1-2) as well as per individual microglia 

cell (t20 = 3.4, P = 0.0026) (Figures 3h1-2). Temporal analysis of CX3CR1 expression after injury 

revealed a stable increase, starting on day 3, which persisted for three weeks after injury (Figure S4b). 

Taken together, these experiments provide evidence for the upregulation of CR3 and CX3CR1 synapse 

pruning pathways in the SNI model of neuropathic pain. 

 

Nerve injury-induced engulfment of spinal presynaptic terminals is mediated by the CR3 pathway 

Nerve injury-induced increases of CR3 and CX3CR1 pruning pathway components suggest that these 

pathways might be involved in synapse pruning in the spinal cord. To assess the respective contribution 

of the CR3 and CX3CR1 pathways to spinal cord synapse removal in neuropathic pain, levels of 

engulfment of inhibitory and excitatory presynaptic terminals were measured at the peak of synapse 

engulfment (i.e., 7 days after SNI) in mice lacking complement factor C3 (C3 KO) or CX3CR1 (CX3CR1 

KO). In both KO mouse lines, peripheral nerve injury induced microgliosis (C3 KO: t30  = 8.7, P < 0.0001; 

CX3CR1 KO: t30  = 6.0, P < 0.0001) (Figures S5a-b) and a significant increase in the volume of CD68+ 

lysosomal compartments in the ipsilateral dorsal horn (C3 KO: t30 = 4.2, P= 0.0006; CX3CR1 KO: t30 = 

3.1, P = 0.0104) (Figures S5a and c). Although the increase in the number of microglia and lysosomal 

volumes in CX3CR1 KO mice was smaller as compared to C3 KOs and wildtype littermates (Figures 

S5a-c), engulfed inhibitory and excitatory terminals were still detected within CX3CR1 KO lysosomes 

in the ipsilateral dorsal horn (Figures 4a and 4c).  

Quantifications of the total volume of VGAT+ inhibitory terminals within microglial lysosomes showed 

a similar increase in microglia sampled from the ipsilateral dorsal horn of CX3CR1 KOs and wildtype 
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mice as compared to the contralateral side (Figures 4a-b). Significant engulfment of VGLUT2+ excitatory 

terminals was also detected in CX3CR1 KO mice but was less pronounced compared to wildtype mice 

(t42 = 4.2, P = 0.0024) (Figures 4c-d). Notably, C3 KO mice showed no engulfment of inhibitory and 

excitatory presynaptic terminals as demonstrated by significant reductions in the total volume of VGAT 

and VGLUT2 immunoreactive puncta within microglial lysosomes (Figures 4b and 4d). Therefore, these 

results indicate that the CR3 signaling pathway, but not the CX3CR1 pathway, is essential for increased 

engulfment of terminals by microglia in the SNI model of neuropathic pain. 

We next evaluated the role of CR3 and CX3CR1 pruning pathways in remodeling dorsal horn synaptic 

connectivity in the SNI model of neuropathic pain. To this end, we quantified inhibitory and excitatory 

synapse densities in C3 KO and CX3CR1 KO mice 21 days after injury. Similar to wildtype mice, we 

found a 21% decrease in ipsilateral inhibitory synapse density (i.e., VGAT puncta juxtaposed gephyrin 

puncta) in CX3CR1 KO mice as compared to the contralateral side (CX3CR1 KO: t42 = 3.3, P = 0.0048) 

(Figures 4e-f). In contrast, a decrease in ipsilateral dorsal horn inhibitory synapses was prevented in C3 

KO mice (Figures 4e-f). Quantification of excitatory synapses showed no change in VGLUT2+ excitatory 

synapse density in CX3CR1 KO mice as compared to wildtype animals (Figures 4g-h). However, 

ipsilateral dorsal horn VGLUT2+ excitatory synapse density in C3 KOs was increased by 9% as 

compared to the contralateral side (t42 = 4.2, P = 0.0104) (Figure 4h). Interestingly, a comparison of 

contralateral dorsal horn synapse densities revealed that C3 KO mice had a 20% increase in inhibitory 

synapse density and 24% increase in excitatory synapse density as compared to wildtype littermate 

controls, indicating a potential developmental deficit in refinement of dorsal horn synaptic connections 

(Figures 4f and 4h). Taken together, these data implicate the CR3 synapse pruning pathway, but not the 

CX3CR1 pathway, as the mechanism that modulates dorsal horn synaptic connectivity in the SNI model 

of neuropathic pain. 
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Complement protein C1q is expressed by nerve injury-activated microglia and localized to dorsal 

horn synapses 

Complement protein C1q is the initiating factor of the classical complement cascade and has been 

implicated in the selective elimination or “pruning” of synapses through the CR3 pathway 12. C1q levels 

are normally low in the adult CNS; however, normal aging, injury or  certain diseases increase C1q 

expression 15,23,24. Previous work in the CNS has revealed that both neurons and glia are capable of 

synthesizing C1q 25,26. To determine whether neurons are the source of C1q in neuropathic pain, we 

performed fluorescent in situ hybridization for C1qa mRNA on spinal cord sections of Gad2-tdTom and 

Tac1-tdTom mice collected 7 days post-injury (Figure 5a). Consistent with the RNA-seq data, C1qa 

mRNA was upregulated (≈ 8-fold) as assessed by the number of C1qa mRNA immunoreactive puncta 

per DAPI+ dorsal horn cell nuclei (t8 = 11.2, P < 0.0001) (Figures 5a-b). Interestingly, the C1qa mRNA 

signal was almost completely excluded from Gad2+ and Tac1+ cell bodies, suggesting that these cells are 

not the source of C1qa (Figures 5a and c). We next closely examined the expression pattern of C1q 

protein in the dorsal horn of neuropathic mice. We observed strong and distinct C1q immunoreactivity 

localized within microglia that was significantly elevated in the ipsilateral dorsal horn (t10 = 6.3, P < 

0.0001) (Figures 5d-e). In addition to the marked increase of C1q protein within microglia, a relatively 

smaller, punctate signal was scattered outside of microglia, and was only found in the ipsilateral dorsal 

horn (Figure 5d). To test if this extracellular C1q signal was associated with synaptic structures, we 

performed SIM on spinal cord sections immunolabeled for C1q as well as presynaptic markers for 

inhibitory (VGAT+) and excitatory (VGLUT2+) synapses. Consistent with our prediction, most 

extracellular C1q signals were in close proximity to presynaptic markers (Figure 5f). Quantification of 

the number of synapses in close proximity to C1q revealed a higher percentage of both inhibitory and 

excitatory synapses tagged with C1q in the ipsilateral dorsal horn as compared to the contralateral side 

(VGAT: t36 = 12.4, P < 0.0001; VGLUT2: t36 = 3.5, P = 0.0024) (Figure 5g). Interestingly, a larger 
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proportion of inhibitory synapses was marked by C1q as compared to excitatory synapses (t18 = 9.1, P < 

0.0001) (Figure 5g). To determine whether the C1q deposited on synapses is secreted by microglia, we 

chronically depleted microglia using PLX3397 and assessed C1q protein expression in the dorsal horn at 

day 7 post-injury. Depletion of microglia resulted in almost complete elimination of C1q 

immunoreactivity in the dorsal horn, including C1q depositions on synapses (Figures 5h-j).  

After establishing that C1q is released from nerve injury-activated microglia and deposited on synapses, 

we investigated whether expression of the apoptotic protein, cleaved caspase-3 (CC3), contributed to the 

recruitment of C1q to vulnerable synapses 27. To answer this question, we analyzed inhibitory and 

excitatory presynaptic terminals for the presence of CC3 and C1q. Co-localization analysis showed that 

CC3 signal was rarely found at presynaptic terminals, and this was independent of C1q deposition at the 

synaptic site (Figures S6a-c). This indicates that CC3 does not drive injury-induced synapse pruning in 

the spinal cord. Together, these results demonstrate that C1q protein is produced by microglia and 

preferentially marks dorsal horn inhibitory synapses for elimination in the SNI model of neuropathic 

pain. 

 

Inhibiting C1q attenuates neuropathic pain and protects dorsal horn synaptic circuitry 

To determine whether induction of C1q expression in response to peripheral nerve injury causes synaptic 

reorganization in the spinal dorsal horn, we pharmacologically blocked C1q using anti-C1q antibodies 

(ANX M1.21). Anti-C1q antibodies were administered intraperitoneally every 4 days, starting 24 hours 

before SNI surgery. Mechanical hypersensitivity associated with neuropathic pain was assessed weekly 

(Figure 6A). Mice in both control (IgG isotope) and drug-treated groups developed mechanical 

hypersensitivity as shown by decreases in withdrawal thresholds of the ipsilateral hind paw (Figure 6B). 

Notably, at day 21 after injury, unlike IgG-isotope control-treated mice, both male and female ANX 

M1.21-treated animals showed a significant reduction in mechanical hypersensitivity (t152 = 13.2, P = 
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0.0065) (Figure 6b). Furthermore, SIM revealed a marked decrease in the number of ipsilateral C1q-

associated inhibitory synapses in ANX M1.21-treated groups as compared to IgG-isotope control-treated 

mice (t20 = 7.3, P < 0.0001) (Figures 6c-d).  

To study whether the effect of ANX M1.21 on neuropathic pain behavior was associated with disruption 

of the CR3 microglia-mediated synapse pruning pathway, we quantified engulfment of inhibitory and 

excitatory terminals by microglia in control and drug-treated animals. In line with our prediction, there 

was a significant reduction in inhibitory and excitatory presynaptic elements within ipsilateral microglial 

lysosomes of ANX M1.21-treated mice comparing to controls (inhibitory synapse engulfment: t36 = 12.7, 

P < 0.0001; excitatory synapse engulfment: t36 = 2.8, P = 0.0136) (Figures 6e-h). To test whether blocking 

C1q protects against nerve injury-induced synapse loss, we conducted synapse quantification in the 

dorsal horn of ANX M1.21 and IgG control mice 21 days after injury. ANX M1.21 prevented inhibitory 

synapse loss in the spinal dorsal horn (Figure 6i-l), resulting in a similar protective effect as observed 

with PLX3397 treatment and in C3 KO mice (ipsilateral inhibitory synapses: t76 = 5.8, P < 0.0001; 

ipsilateral excitatory synapses: t76 = 5.2, P < 0.0001). Altogether, these results demonstrate that targeting 

C1q, the initiating signaling protein of the CR3 synapse pruning pathway, protects the dorsal horn 

synaptic network and attenuates chronic neuropathic pain by inhibiting microglia-mediated synapse 

engulfment. 

 

DISCUSSION 

We have identified a novel mechanism by which microglia contribute to neuropathic pain through 

reorganization of the synaptic network in the spinal dorsal horn. We show that following peripheral nerve 

injury, activated microglia engage the classical complement pathway to remove spinal synapses. This is 

accomplished via the production and release of complement protein C1q, which is deposited on spinal 

synapses to tag them for removal through microglial C3R signaling. Pharmacological inhibition of C1q 
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protected spinal cord circuitry and prevented inhibitory synapse loss by disrupting synapse engulfment, 

thereby ameliorating neuropathic pain. These data implicate the C3R synapse pruning pathway as a major 

driver of structural synaptic plasticity in neuropathic pain and identify a novel therapeutic strategy to 

prevent the maintenance of the pain hypersensitivity. 

 

Activation of spinal CR3 synapse pruning pathway in neuropathic pain  

It is well established that microglia-mediated synapse pruning plays a key role in sculpting a functional 

neural network within the developing central nervous system 11. Emerging research has implicated 

various microglial signaling pathways in this process, many of which are reactivated later in life in 

different neurological disorders 15,16,28. For example, pathological involvement of the CR3 synaptic 

pruning pathway has been implicated in Alzheimer’s disease, frontotemporal dementia, and 

schizophrenia 15,16,29. CX3CR1 signaling is implicated in epilepsy and sensory-lesion-induced synaptic 

pruning 14,30. Given the induction of both the CR3 and CX3CR1 pathways in the spinal cord after nerve 

injury, we explored the possibility of their involvement in the remodeling of dorsal horn circuits in 

neuropathic pain. The evidence for a role of the CR3 synapse pruning pathway in neuropathic pain was 

abundant, as specific disruptions at multiple levels of this pathway protected both dorsal horn inhibitory 

and excitatory synapses and prevented synapse engulfment. Unlike the CR3 pathway, the CX3CR1 

pathway did not appear to play a significant role in dorsal horn synapse pruning. The modest reduction 

in engulfment of excitatory synapses in neuropathic CX3CR1 KO mice can be explained by other defects 

in CX3CR1-deficient microglia 31,32. These include the interference with basic homeostatic functions 

such as cell adhesion and motility that affect the phagocytic activity of microglia required for synapse 

pruning 31,32.  

Apart from synapse pruning pathways, phagocytosis-related receptors, such as P2Y12, P2Y6, and 

TMEM16F, were reported to be upregulated in neuropathic pain and pharmacological blockade or 
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genetic deletion of these receptors were shown to reduce neuropathic pain 33-35. Many of these receptors 

have been implicated in synapse removal in other contexts 36,37. While we cannot rule out the possibility 

that these pathways might also contribute to dorsal horn synapse removal in neuropathic pain, our data 

indicate that the CR3 pathway has a central role in this process. The complete protection of the dorsal 

horn synaptic network in C3 KOs and in mice treated with a C1q inhibitor supports the notion that the 

CR3 pathway is necessary for spinal synaptic remodelling in neuropathic pain.  

 

Microglia rewire dorsal horn circuitry in neuropathic pain 

Our data demonstrate that microglia reorganize dorsal horn synaptic circuitry in neuropathic conditions 

through the CR3-dependent signaling pathway. This function of microglia results in two key changes in 

the dorsal horn synaptic network: 1) a major deficit in inhibitory synapses; 2) reorganization of excitatory 

synapses without an apparent decrease in excitatory synapse density. In contrast to what was observed 

in inhibitory synapses, the elevated engulfment of excitatory synaptic terminals, although smaller than 

the engulfment of inhibitory synapses, did not lead to a net loss of excitatory synapses. This suggests that 

a compensatory mechanism, specific to the excitatory system, is in place to replenish excitatory synapses. 

Interestingly, blocking engulfment results in an increase in excitatory synapse density that unmasks the 

dynamic process of excitatory synapse formation in the spinal cord. This is consistent with emerging 

studies demonstrating activity-dependent excitatory synaptogenesis as a contributing mechanism to 

neuropathic pain 38,39. Interestingly, the dynamics of dorsal horn excitatory synapses in neuropathic pain 

resembles the later phase of development when excitatory synaptogenesis accompanies synapse pruning 

40. Much like development, in neuropathic pain, spinal inhibition is highly compromised, and the spinal 

cord microenvironment is fueled with neurotrophic and neuromodulating factors to support excitatory 

plasticity 6,41,42.  
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One of the fundamental pathological features of neuropathic pain is the imbalance between excitation 

and inhibition of dorsal horn neuronal circuits 43,44. In this study, we provided a neuroanatomical basis 

for this imbalance, which is mediated by synaptic pruning activity of reactive microglia. At the molecular 

level, our results show that C1q deposition on synapses is necessary for the recruitment of microglia to 

the synapse. Interestingly, we found that within the spinal cord of neuropathic mice, C1q has a greater 

preference for inhibitory synapses compared to excitatory synapses. It is possible that differential 

changes in neuronal activity between inhibitory and excitatory dorsal horn neurons trigger cell type-

specific expression of C1q receptors or other recognition molecules at the synapse site 25,27,45. This 

preferential removal of inhibitory synapses, in addition to the failure of the inhibitory system to 

compensate for the net synapse loss, could contribute to the imbalance between inhibition and excitation, 

leading to increased excitability in neuropathic pain. This is particularly important for the generation of 

central sensitization, an enhancement in the activity of nociceptive pathways in response to sensory 

stimuli 46. Future studies are necessary to uncover the connection between neuronal activity and 

production of signaling molecules that attract C1q to the synapse site in neuropathic pain. 

 

Targeting C1q interferes with the maintenance of neuropathic pain  

Importantly, we showed that chronic inhibition of C1q is effective at reducing neuropathic pain only at 

the 21 days post-SNI. The delayed effect of anti-C1q antibody treatment suggests that the structural 

remodeling of the dorsal horn synaptic circuitry is important for the maintenance but not initiation of 

neuropathic pain. Moreover, despite the robust effects of inhibiting C1q in reducing mechanical 

hypersensitivity in neuropathic mice, it is important to note that inhibition of C1q does not fully eliminate 

neuropathic pain behavior. The aberrant increase of excitatory synapses in the anti-C1q-treated group 

may contribute to the incomplete reversal of pain behavior. To explore this possibility, both 
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synaptogenesis and synapse pruning pathways should be inhibited at the same time. This would require 

new genetic tools to allow the selective and simultaneous manipulation of both pathways.  

There is growing evidence to support the existence of sexual dimorphism in key microglial pathways 

implicated in neuropathic pain 47-49. However, we did not find any obvious sex differences in the CR3-

mediated pathway as inhibiting C1q was effective at reducing pain in both male and female mice. This 

suggests that the sexually dimorphic role of spinal microglia in pain is likely due to the contribution of 

distinct microglial signaling pathways to sensory symptoms at a given time. 

 In summary, our results highlight the importance of microglia and the CR3-mediated synapse pruning 

pathway in the pathological inhibitory synapse loss in neuropathic pain. Targeting components of this 

pathway, such as the complement proteins, protects dorsal horn circuitry and prevents the maintenance 

of neuropathic pain.  

 

METHODS 

Animals 

All mouse experiments were approved by the Animal Care Committee at McGill University and 

complied with the Canadian Council on Animal Care guidelines. Following weaning, all mice were 

housed with their same-sex littermates and were kept in a temperature- and humidity-controlled room 

with a 12-h light/dark cycle and received food and water ad libitum. Wildtype C57BL/6 mice (6-8 weeks 

of age) of both sexes were purchased from The Jackson Laboratory (Bar Harbor, ME) for pharmacology 

experiments and used to breed mice of both sexes in-house for all remaining experiments. Mice 

expressing TdTomato under the inhibitory neuron-specific Gad2 promoter (Gad2-tdTom) were generated 

by crossing Rosa26LSL-tdTomato reporter mouse line (Ai14) (JAX, stock #007908) with Gad2-IRES-

Cre mice (JAX, stock #019022). Mice expressing TdTomato under the Tac1 promoter (Tac1-tdTom) 

were generated by crossing Rosa26LSL-tdTomato reporter mouse line (Ai14) (JAX, stock #007908) with 
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Tac1-IRES2-Cre-D mice (JAX, stock #021877). Knock-out (KO) mouse lines include homozygous C3 

KO (JAX, stock #003641), and Cx3cr1GFP KO (JAX, stock #005582), which were bred in-house.  

 

Pain behavior 

Baseline hind paw withdrawal thresholds and the temporal development of mechanical hypersensitivity 

in mice were assessed using von Frey filaments and the up-down method of Dixon 50. Mice were placed 

inside Plexiglas cubicles (5.3x8.5x3.6 cm) with a perforated metal floor and were permitted to habituate 

for at least 1 hour prior to testing. Mice were tested using an ascending series of von Frey filaments, 

starting with the lowest filament (0.008 g) until threshold was reached. In this approach, filaments were 

applied to the plantar surface of the hind paw for 3 seconds and responses were recorded. At least 2 

consecutive measures were taken on each hind paw and averaged. The 50% response threshold was then 

calculated using the formula: 50% threshold (g ) = 10(X+kd)/104, where X = the value (in log units) of the 

final von Frey filament, k = tabular value for the response pattern and d = the average increment (in log 

units) between von Frey filaments. All experiments took place during the light cycle and male and female 

animals were tested on separate days. All experimenters were blinded to the genotype of the mouse and/or 

the treatment group.   

 

Peripheral nerve injury surgery 

In all experiments, mice received a spared nerve injury (SNI) on the left/ipsilateral side, which was 

performed under isoflurane/oxygen anesthesia as previously described 51. For this, the sciatic nerve was 

exposed after making an incision on the skin on the lateral surface of the mouse thigh and sectioning 

through the biceps femoris muscle. Two of the three terminal branches of the sciatic nerve were tightly 

ligated with 7.0 silk (Covidien, S-1768K) and 2–4 mm of the nerve distal to the ligation were removed, 

avoiding any disturbance of the spared nerve. The muscle and skin were closed in separate layers using 
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coated Vicryl (Ethicon, J489G). For experiments in which the sural nerve was left intact, von Frey testing 

was performed on the lateral part of the hind paw. In one experiment in which the tibial nerve was intact, 

von Frey filaments were targeted to the mid-plantar hind paw 52. In all experiments mice were retested 

for mechanical hypersensitivity every 7 days for 3 weeks.  

 

Drugs 

PLX3397 (Selleckchem) (30 mg/kg, intraperitoneally (i.p), daily) was dissolved in 10% DMSO + 45% 

PEG 300 + 5% tween 80 + ddH2O at 20 mg/ml and administrated for 6 consecutive days. For the C1q 

neutralizing antibodies experiment, animals received i.p injections of either the ANX-M1.21 anti-C1q 

function blocking antibody (kindly provided by Annexon Biosciences) or IgG isotype control (provided 

by Annexon Biosciences) at 100 mg/kg every 4 days starting 1 day prior to peripheral nerve injury until 

the experimental endpoint. 

 

Tissue preparation and immunohistochemistry  

At different time points post-surgery, for immunohistochemistry analyses, mice were anaesthetised (0.3 

ml/100 g of body weight of Equithesin containing 6.5 mg of chloral hydrate and 3 mg sodium 

pentobarbital), and perfused transcardially with perfusion buffer (0.5 g/L NaHCO3 in PBS) followed by 

4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4, for 10 min. After fixation, spinal 

cords were extracted and post-fixed in the same fixative overnight at 4 °C and then transferred to 30% 

sucrose in PB for cryoprotection. For immunohistochemistry, transverse spinal cord sections from the 

lumbar enlargement (L3–L5) were cut on a cryostat (Leica, Germany) at −20 °C. Twenty-μm-thick 

sections were prepared for Airyscan confocal microscopy (Carl Zeiss LSM 880) and 10-μm-thick 

sections were prepared for structural illumination microscopy (SIM) (DeltaVision OMX SR). Sections 

were then permeabilized and blocked at room temperature for 1 hour in 10% normal donkey or goat 
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serum and 0.2% Triton-X in PBS (PBST). This step was followed by incubation of sections in a cocktail 

of primary antibodies in 5% blocking solution at 4 °C. Primary antibodies were rabbit anti-Iba1 (Wako 

019-19741, 1:1000), guinea pig anti-Iba1 (Synaptic Systems 234 004, 1:500), rat anti-CD68 (Bio-Rad 

NBP2-33337, 1:500), mouse anti-vesicular GABA transporter (VGAT, Synaptic Systems 131 011BT, 

1:1000), rabbit anti-VGAT (Synaptic Systems 131 008, 1:2000), rat anti-CD11b (Bio-Rad MCA711, 

1:100), guinea pig anti-VGLUT2 (Millipore AB2251-I, 1:2000), mouse anti-gephyrin (Synaptic Systems 

147 011, 1:400), rabbit anti-Homer1 (Synaptic Systems 160 003, 1:200), goat anti-mouse C3 (MP 

Biomedicals 55444, 1:100), rabbit-anti NeuN (Millipore 32160702, 1:1000), rabbit anti-C1q (Abcam 

182451, 1:400), goat anti-CX3CL1 (R&D systems AF 537, 1:500), and rabbit anti-CX3CR1 

(Thermofisher TP501, 1:200). Twenty-four hours later, appropriate Alexa-fluorophore-conjugated 

secondary antibodies were applied to sections (Invitrogen, 1:800), which were incubated at room 

temperature for 2 hours. In some experiments, isolectin B4 (IB4) conjugated to Alexa 647 fluorophore 

was used in the mixture of secondary antibodies (Invitrogen, 1:200). Sections were then mounted and 

coverslipped using Prolong Gold Antifade mounting medium (Invitrogen) and Zeiss cover slips.  

 

Microglia density quantification 

Low magnification images were captured using a Zeiss AxioImager M2 Imaging microscope with the 

Zeiss ZenPro software v.2.3 (Zeiss Canada). For quantification of microglia density, 4 sections per 

animal were assessed. To capture the entire dorsal horn, a 10X field was imaged. To calculate the density 

of microglia, the number of microglia was divided by the area of the dorsal horn measured using ImageJ 

software (NIH). 

 

Engulfment quantification 



21 

 

For assessing phagocytosis of synaptic elements, we used an engulfment quantification method inspired 

by Schafer and colleagues 53. Briefly, sections immunolabeled with CD68, Iba1, and a marker for the 

neuronal structure of interest were imaged by 63x oil immersion objective (NA 1.4) at 0.2 µm z-steps 

using a Zeiss LSM 800 Airyscan confocal microscope. Images were processed with IMARIS software 

(Bitplane) to produce 3D surface renderings of the engulfed material within microglial lysosomes, 

microglia, and lysosomes. Volumes associated with each surface rendered structure were recorded and 

engulfment measurements for each microglial cell were calculated using the formula: the volume of the 

engulfed material within lysosomal compartments/the volume of microglial cell. For each animal, 

graphed values represent the mean of a total of 8 - 12 microglia sampled from 4 sections analyzed. Only 

microglia that had their full cell bodies imaged were selected for quantification. Imaging parameters, 

selection criteria, and thresholding values were consistently applied to all quantifications. All 

experimenters were blinded to the genotype of the mouse, sex, and/or the treatment condition. Blinding 

to laterality in untreated mice was not possible because of the evident morphological changes in 

ipsilateral microglia. 

 

Analysis of synaptic elements 

SIM was used to assess synapse densities. Cells were imaged with a 100x, NA = 1.42, oil immersion 

objective on a Vision OMX V4 Blaze system (GE) equipped with 488 nm, 592 nm, and 647 nm lasers and 

two Evolve EM‐CCD cameras (Photometrics, Huntington Beach, CA, USA). Image stacks of 2 µm were 

reconstructed in Deltavision softWoRx 6.1.1 software with a Wiener filter of 0.01 using channel‐specific 

optical transfer functions 54. Captured synapses were analyzed using Colocalize Spots MATLAB 

function on IMARIS. A synapse was counted if the distance between the center point of a presynaptic 

and postsynaptic puncta was equal to or less than the radius of the presynapatic puncta + 0.1 μm, an 

empirically determined scaling factor 55. All experiments were analyzed blind to groups. 
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RNA-seq analysis 

Transcriptomics data of spinal cord from naive mice and SNI-injured mice was taken from Gene 

Expression Omnibus accession GSE111216 22. In short, RNA-Seq data have been trimmed with 

Trimmomatic v0.32 56, then mapped on UCSC's mouse genome version mm10 grabbed from ftp://ussd-

ftp.illumina.com/Mus_musculus/UCSC/mm10/ using tophat v2.0.11 57 and bowtie v1.0.0 58. Differential 

gene expression detected at gene level from experimental triplicates using cuffdiff v2.2.1 59. 

 

RNAscope 

The RNAscope Fluorescent Multiplex Assay (ACD Biosystems) was performed according to the ACD 

protocol for fresh-frozen tissue. Perfusion fixed spinal cords from animals at 7 days after injury were 

sectioned at 10 µm on a cryostat and hybridized with C1qa mRNA probe (ACD cat#: 441221). The ACD 

3-plex served as a negative control and applied on one section per slide to confirm signal specificity. The 

probes were amplified according to the manufacturer’s instructions and labeled with Alexa 488 nm 

fluorophores. 

 

Experimental design and statistical analyses  

Sample sizes were determined based on pilot studies and in the absence of sex differences, male and 

female animals were pooled. All statistical tests were completed using Windows GraphPad Prism version 

8. Analyses used include only parametric tests: one-way ANOVA, two-way repeated measures ANOVA, 

and two-way ANOVA, followed by Bonferroni’s multiple comparison tests. For comparing two groups 

unpaired or paired two-tailed t-tests were used. All p values and statistical tests employed are indicated 

in results and figure legends.  
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FIGURES 

 

Figure 1. Nerve injury triggers engulfment of presynaptic terminals by microglia 

a-b The expression of tdTomato fluorescent protein reporter in dorsal horn of Gad2-tdTom (a) and Tac1-

tdTom (b) mice to demonstrate the distributions of inhibitory Gad65-expressing and excitatory substance 
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P-expressing neurons, respectively. c-d Representative 3D reconstructions (c1, d1) and surface rendering 

(c2, d2) of microglia (blue) sampled from ipsilateral dorsal horn (lamina II) to show internalized 

inhibitory and excitatory neuronal elements within lysosomal compartments (magenta) of ipsilateral 

microglia. Insets within raw images are single plane enlarged images selected from confocal stacks 

illustrating the presence of tdTomato fluorescent signals inside lysosomes. Insets within 3D 

reconstructions are enlarged views of the engulfed volumes from the same regions. e-f Quantification of 

temporal changes of engulfment of inhibitory (e) and excitatory (f) tdTomato+ neuronal structures by 

microglia (n = 12 per group; 6 per sex). g-h Three-dimensional fluorescent images of microglia (blue) 

from ipsilateral dorsal horn labeled for lysosomal marker CD68 (magenta), marker of presynaptic 

inhibitory terminals (VGAT; green) (g1) and marker of presynaptic excitatory terminals (VGLUT2; 

green) (h1). Representative 3D surface-rendered images illustrate the engulfment of presynaptic 

elements (g2 and h2). i-j Quantification of temporal changes of engulfment of inhibitory (i) and 

excitatory (j) presynaptic terminals by microglia (n = 12 per group; 6 per sex). *p < 0.05, **p < 0.01, 

***P < 0.001, and ****P < 0.0001 analyzed with two-way ANOVA followed by Bonferroni post hoc 

test. Means are plotted with individual data points ± SEM. 
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Figure 2. Transient microglia depletion during the peak of synapse engulfment prevents the 

normal development of mechanical hypersensitivity and protects dorsal horn synaptic 

connectivity. a An experimental diagram showing the timeline of drug treatments, SNI surgery, and 

behavioral tests. b Dorsal horn images labeled for Iba1 (green) from vehicle and drug (PLX3397) treated 

groups from the last day of treatment and after a 10-day wash-out period. c Quantification of the number 

of microglia in dorsal spinal cord (n = 6 per group; 3 per sex). d Pain behavior in neuropathic mice treated 

either with PLX3397 or vehicle (n = 16 per group; 8 per sex). e Representative SIM images of inhibitory 

synapses labeled with a pre-synaptic marker (VGAT; red) and a post-synaptic marker (gephyrin; blue) 

in different conditions. The inset within the first image is an enlarged view of an inhibitory synapse.  f 

Quantification of inhibitory synapse density (n = 20-30 per group; 10-15 per sex). g Representative SIM 

images of excitatory synapses labeled with a pre-synaptic marker (VGLUT2; cyan) and a post-synaptic 

(homer1; magenta) in different conditions. The inset within the first image is an enlarged view of an 
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excitatory synapse. h Quantification of inhibitory synapse density (n = 20-30 per group; 10-15 per sex). 

*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 analyzed with repeated measures two-way 

ANOVA with Bonferroni post hoc test (D) and two-way ANOVA with Bonferroni post hoc test (c, f, 

and h). Means are plotted with individual data points ± SEM. 
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Figure 3. CR3 and CX3CR1 mediated synapse pruning pathways are upregulated in neuropathic 

pain. a Volcano plot showing gene expression changes in neuropathic mice at day 7 post SNI. Each dot 

is a gene. Positive fold change indicates higher expression in the spinal cord of SNI-injured mice than in 

naïve. Genes highlighted in blue are related to CR3 and CX3CR1 pruning pathways. Dashed horizontal 

orange line indicates P-value of 0.05. b The schematic illustrates microglia and signaling molecules that 

participate in CR3 and CX3CR1 pruning mechanisms. c1-e1 Representative images of C1q, C3, and CR3 

labeling in the dorsal horn of SNI mice 7 days after injury. c2-e2 Quantifications of fluorescence intensity 

of dorsal horn C1q, and C3, as well as number of CR3+ microglia in laminae I-III (n = 8 per group; 4 per 

sex). f1 Representative dorsal horn image of CX3CL1 immunolabelling in SNI mice 7 days after injury 

(quantified in f2) (n = 8 per group; 4 per sex). g1 Low-magnification representative images of CX3CR1 

expression in the dorsal horn of SNI mice (quantified in g2) (n = 8 per group; 4 per sex). h1 High-

resolution image of CX3CR1 (red) expression in microglia (blue) sampled from ipsilateral and 

contralateral dorsal horn (quantified h2) (n = 8 per group; 4 per sex). **p < 0.01, ***p < 0.001, and 

****p < 0.0001 analyzed with paired two-tailed t-test (c2-g2) and unpaired t-test (h2). Means are plotted 

with individual data points ± SEM.   
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Figure 4. Nerve injury induced engulfment of spinal presynaptic terminals is mediated by CR3 

pathway. a and c Images in the first column are representative surface rendering 3D reconstructions of 

microglia (white) sampled from ipsilateral dorsal horns of neuropathic wildtype (WT), C3 KOs, and 

CX3CR1 KOs and demonstrate lysosome (magenta) co-localization with VGAT+ inhibitory (a) and 

VGLUT2+ excitatory (c) pre-synaptic markers (green). Single plane images selected from confocal stacks 

illustrating the presence or absence of CD68+ lysosomal co-localization with synapse markers are shown 

in the second column. b and d Quantifications of engulfment of inhibitory (b) and excitatory (d) 

presynaptic terminals by microglia in different genotypes (n = 8 per group; 4 per sex). e and g Three-

dimensional SIM representative images of inhibitory (a1: VGAT in red and gephyrin in blue) and 

excitatory (b1: VGLUT2 in cyan and homer1 in magenta) terminals captured from ipsilateral and 

contralateral dorsal horns of WT, C3 KO, and CX3CR1 KO neuropathic mice. f and h Quantifications 

of dorsal horn inhibitory (f) and excitatory (h) synapse densities for neuropathic mice of different 

genotypes (n = 8 per group; 4 per sex). *p < 0.05, **p < 0.01, and ****p < 0.0001 analyzed by two-way 

ANOVA with Bonferroni post hoc test. Means are plotted with individual data points ± SEM. 
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Figure 5. Complement protein C1q is expressed by nerve injury-activated microglia and localized 

to dorsal horn synapses. a RNA scope for C1qa (a1: green) in ipsilateral and contralateral dorsal horn 

cells (quantified in b) (n = 5 per group; 2-3 per sex). Absence of C1qa (a2: red) expression in inhibitory 

and excitatory substance P+ neurons (blue) (quantified in c) (n = 5 per group; 2-3 per sex). d 

Representative high-magnification confocal image of C1q protein (green) in microglia (blue) (quantified 

in e) (n = 6 per group; 3 per sex). Dotted circle shows an example of extracellular C1q protein (enlarged 

view shown in the inset). Representative SIM images (f) captured from ipsilateral dorsal horn at 7 days 

after injury show the preferential co-localization of C1q (green) with inhibitory synapses (VGAT in red), 

compared to excitatory (VGLUT2 in blue). Dotted circles show synapses that are colocalized with C1q. 

g Quantifications of C1q co-localization with inhibitory and excitatory synapses (n = 10 per group; 5 per 

sex). h C1q staining patterns in the dorsal horn of neuropathic mice chronically treated with vehicle and 

PLX3397 (quantified in i) (n = 6 per group; 3 per sex). j Quantifications of C1q co-localization with 

inhibitory and excitatory synapses in vehicle and PLX3397 treated mice. ***p < 0.001, and ****p < 

0.0001 analyzed by two-way ANOVA with Bonferroni post hoc test (g, i-j) and unpaired t-test (b-c, and 

e). Means are plotted with individual data points ± SEM. 
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Figure 6. Functional blocking of C1q alleviates mechanical hypersensitivity, reduces synapse 

pruning, and prevents dorsal horn synapse loss. a A diagram showing the timeline of drug treatments, 

surgery, and behavior test. b Pain behaviour in neuropathic mice treated either with ANX-M1.21 or IgG 

control (n = 20 per group; 12 male and 8 female). c Representative images from ipsilateral dorsal horn 

show the co-localization of C1q (green) with inhibitory synapses (VGAT; red), and excitatory 

(VGLUT2; blue) in different experimental groups (Quantified in d) (n = 6 per group; 3 per sex). e and g 

Representative 3D surface rendering of microglia (white) from ipsilateral dorsal horn of IgG control and 

ANX-M1.21 treated mice. A single plane enlarged image selected from the confocal stack illustrating 
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the CD68 (magenta) co-localization with VGAT or VGLUT2 (e, g: green). Insets within 3D 

reconstructions are enlarged views of VGAT (e) or VGLUT2 (g) co-localization with CD68 (quantified 

in f and h) (n = 10 per group; 5 per sex). i Representative images of inhibitory presynaptic (VGAT; red) 

and postsynaptic (gephyrin; blue) elements from different conditions and quantification in j (n = 20 per 

group; 12 male and 8 female). k Representative images of excitatory pre-synaptic (VGLUT2; cyan) and 

post-synaptic (homer1; magenta) elements from different conditions and quantification in l (n = 20 per 

group; 12 male and 8 female). *p < 0.05, **p < 0.01, and ****p < 0.0001 analyzed with repeated 

measures two-way ANOVA with Bonferroni post hoc test (b) and two-way ANOVA with Bonferroni 

post hoc test (d, f, h, j, and l). Means are plotted with individual data points ± SEM. 
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