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Abstract 

Background. Acute pain events have been associated with persistent pain sensitization of nociceptive 

pathways increasing the risk of transition from acute to chronic pain. However, it is unclear whether injury-

induced persistent pain sensitization can promote long-term mood disorders. The receptor tyrosine kinase 

FLT3 is causally required for peripheral nerve injury-induced pain chronification, questioning its role in the 

development of pain-induced mood alterations.  

Methods. In a model of paw incisional pain, mice underwent single (SI) or double incision (DI) and went 

through behavioral and molecular phenotyping with the evaluation of both sensorial and emotional pain 

components. The role of FLT3 was then investigated either by inhibition using transgenic knock-out mice 

and functional antibodies or by activation with FLT3 ligand (FL) administrations.  

Results. DI mice showed significant anxiodepressive-like and spontaneous pain behaviors while SI mice 

did not. DI also promoted and extended mechanical pain hypersensitivity compared to SI. This emotional 

and sensorial pain exaggeration correlated with a potentiation of spinal microglial activation after DI versus 

SI. Intrathecal minocycline, a microglial inhibitor, specifically reversed DI induced-mechanical 

hypersensitivity. Finally, FL injections in naive animals provoked mechanical allodynia and 

anxiodepressive-like disorders concomitant with a significant microglial activation while FLT3 inhibition 

blunted the development of persistent pain and depression after DI. 

Conclusions. Our results show for the first time that the repetition of a peripheral lesion facilitates not only 

exaggerated nociceptive behaviors but also anxiodepressive disorders. The inhibition of FLT3 could become 

a promising therapy in the management of pain sensitization and related mood alterations. 
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Introduction 

Understanding the transition from acute to chronic pain remains an important challenge to better 

manage pain in patients (1). This is specifically true in the context of surgery where chronic post-surgical 

pain (CPSP) is a significant debilitating and under-evaluated disease affecting several millions of people 

each year in the world (2–5). Pre-existing pain is one major risk factor as it profoundly modifies patient’s 

internal homeostasis altering the degree of pain sensitization of the patient (6–8). Hence, sensitization after 

sensorial trauma appears to be a crucial event in the development of chronic pain by amplifying signaling 

in previously affected nociceptive pathways (9). Animal models called “hyperalgesic priming” are 

classically used to study the neuroplasticity underlying persistent pain sensitization (10–18). These models 

consist in performing an initial nociceptive stimulation that induces a prolonged period of susceptibility to 

exaggerated sensitization after a subsequent stimulation. This phenomenon has been named latent pain 

sensitization (19) and its mechanisms have been further studied (20–22). The clinical observation  that the 

incidence of chronic pain after injury is largely associated with pre-injury pain status (6) suggests that the 

maintenance of latent sensitization may facilitate the transition from acute to persistent pain. Mood disorders 

such as depression and anxiety are frequently observed in patients suffering from chronic pain. It has been 

reported that at least 50% of chronic pain patients experience a major depressive disorder (23), making 

depression and chronic pain together a major comorbidity (24–26). Similarly, persistence of mood disorders 

becomes a maladaptive process maintained by neuropathological mechanisms that can aggravate the sensory 

abnormalities of chronic pain (27,28). Although this comorbidity is clinically well established, the 

underlying pathophysiological mechanisms remain poorly understood. It has been proposed that depression 

is a consequence of the presence of chronic pain (29,30) and that peripheral nociceptive inputs may act as a 

trigger for mechanisms that leave predisposed individuals at increased risk of anxiodepressive disorders. 

Thus, we hypothesize that peripheral nociceptive inputs may generate sustained neurochemical alterations 

(latent sensitization) leading to affective disorders after subsequent re-exposure to nociceptive stimuli as 
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shown with exaggerated pain hypersensitivity in hyperalgesic priming models. To date, the affective 

dimension has never been studied in animal models of hyperalgesic priming. Importantly, this incomplete 

characterization has impeded the understanding of the role of peripheral nociceptive inputs in the 

development of affective disorders. Hence, to test our hypothesis, we characterize a model of repeated hind 

paw injuries where the animals underwent two hind paw surgery 7 days apart, by studying both sensorial 

and affective alterations with behavioral and molecular approaches. This allows us to determine whether 

repeated exposure to peripheral noxious stimuli can trigger both exaggerated pain hypersensitivity and 

maladaptive processes leading to anxiodepressive disorders.  

Recently, we reported the expression of the fms-like tyrosine kinase 3 receptor (FLT3) in the 

peripheral nervous system (31) and its implication in the development and maintenance of chronic 

neuropathic pain via its ligand, the cytokine FL (FLT3 Ligand). Originally identified as part of the 

hematopoietic system, we showed that FLT3, expressed in rodent DRG neurons, induces long-term 

modifications in DRG neurons, leading to neuronal hyperexcitability giving rise to neuropathic pain 

symptoms. In contrast, the genetic and pharmacological inhibition of FLT3 prevents, but also reverses, 

hyperexcitability and pain-related behaviors associated with nerve injury. These results strongly highlight 

the key role of FLT3 in the development of long-term neuropathic pain sensitization. Although its role in 

the sensorial component of neuropathic pain is now well established, we are still lacking evidence about the 

extent to which peripheral FLT3 can be involved in the central consequences of latent sensitization, 

especially in the affective dimension of pain. Hence, in a second objective we reveal for the first time, a 

FLT3 dependent peripheral sensitization that triggers both exaggerated nociceptive and affective disorders 

after repeated surgical injury.  
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Methods and materials 

Detailed material and methods are provided in Supplement 1. All the procedures were approved by the 

French Ministry of Research (authorization #1006). Animals were maintained in a climate-controlled room 

on a 12 h light/dark cycle and allowed access to food and water ad libitum. Male and female mice were first 

considered separately in behavioral procedures. Both sexes showed mechanical hypersensitivity of same 

intensity after intrathecal FL injection and after surgery and were similarly affected by FLT3 deletion 

(ANOVA followed by Bonferroni’s test, n = 8 for both sexes and genotypes for each experiment). 

Thereafter, experiments were performed only on male mice. Different approaches including mainly 

behavior, immunohistochemistry, real time polymerase chain reaction, the development and production of 

humanized antibody were used to evaluate the sensorial and emotional alterations produced by repeated 

injuries and the contribution of FLT3 in these phenomena.  

 

Results 

Chronic pain is characterized by a variety of symptoms including mechanical allodynia, thermal 

hypersensitivity, spontaneous pain and a high susceptibility to develop depression. Therein, we first 

determined whether a mouse model of pain sensitization triggered by repeated hindpaw incision produced 

alteration of emotional-related behaviors associated with exaggerated sensory behaviors. For this purpose, 

mice were assessed in a set of behavioral tests to evaluate emotional (ST: Splash Test; NSF: Novelty 

Suppressed Feeding test; FST: Forced Swim Test) and sensorial (VF: Von Frey filament test; HG: 

Hargreaves test; CPP: Conditioned place preference test) components after repeated acute injuries. 

SI (Single Incision, one incision on the left hindpaw) (32) and DI (Double Incision, first incision on 

the left hindpaw and second one on the right hindpaw) models were compared and tested at three different 

time points after surgery: the following days after surgery (1st week post-incision), just after nociceptive 
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recovery (2nd week post-incision) and 1 month after incision. The first week after surgery, the rotarod test 

did not reveal any difference between Sham, SI and DI mice indicative of an absence of motor impairment 

in animals with SI or DI (Fig. S1A). SI and DI mice responded to the NSF with an increased latency to eat 

compared to Sham mice while only DI mice responded to ST and FST with a decreased grooming behavior 

and immobility, respectively (Fig. S1B-D). During the 2nd week after surgery, no difference between Sham 

mice and SI mice were found in all the tests while DI mice showed sustained anxiodepressive-like behaviors 

(Fig. 1A-C). One month after surgery, all the experimental groups returned to Sham values (Fig. S1E-G). 

These results are resumed in Fig. 1D. Decreased neurogenesis at the level of the dentate gyrus has been 

associated with depression in humans (33) and animal (34,35) studies. We therefore hypothesized that DI-

induced anxiodepressive-like behaviors could decrease the rate of newborn neurons in this region as 

evaluated with Brdu staining. Brdu stained neurons (Brdu/NeuN colocalisation) were substantially 

decreased in DI mice 7 days after the surgery compared to SI and Sham mice (Fig. 1E-F) supporting the 

development of mood disorder in DI mice.  

We also tested the effect of SI vs. DI on sensory thresholds and ongoing pain. Six hours after the 

first surgery, mice mechanical thresholds as measured by the VF test strongly decreased up to ten-fold in 

ipsilateral hindpaw (left hindpaw) indicating the appearance of mechanical allodynia (Fig. 2A). Mice 

recovered a normal mechanical threshold after 7 days, and mechanical threshold was unchanged in the SI 

contralateral hindpaw (right hindpaw). By contrast to the first incision, the second incision induced a robust 

decrease of mice withdrawal thresholds at the ispilateral hindpaw (right hindpaw) and at the contralateral 

hindpaw (left hindpaw; Fig. 2A). As reported in a previous work (36), recovery to a normal threshold of 

both hindpaws was delayed of 7 days compared to the first incision, with a full recovery at day 22. Area 

Under Curve (AUC) that represents the period of mechanical hypersensitivity observed the days after 

incision on the ipsilateral paw further confirmed that DI mice exhibited exaggerated mechanical pain 

hypersensitivity compared to SI mice (Fig. 2B). Mice also displayed prolonged thermal pain hypersensitivity 

after the second incision compared to the first one, as evaluated with the HG test (Fig. 2C). Therefore, we 
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used CPP experiments 3 days after surgery (SI or DI) to assess spontaneous pain behaviors (37). Only the 

DI experimental group developed a place preference for the clonidine-paired chamber (Fig. 2D) indicative 

of significant ongoing pain in DI animals.  

We then studied the peripheral nervous system alterations induced by the procedures through 

retrograde tracing of injured peripheral nerves. First, we administered Fluorogold to retrogradely label the 

DRG neurons affected by incision. At Day 7 (D7), most of the Fluorogold positive cells were found in L4 

(DI: 27%; SI: 22%), few in L5 (DI, SI: ~3%) and 0% in L6 DRGs (Fig. S2A-B). Co-staining of ATF3 and 

CSF1, two important molecular factors specifically expressed after neuronal stress or injury (38,39) was 

realized at D7 (Fig. S2 C-E). Similarly, most of ATF3 and CSF1 positive neurons were found in L4 (10-

15%), few in L5 (~3%) and 0% in L6 DRGs. No differences were found between SI and DI mice suggesting 

that these peripheral alterations are unlikely responsible for the exaggerated pain-related behaviors after DI. 

We next examined, using real time quantitative PCR, the expression of different markers of pain 

sensitization in the dorsal horn of the spinal cord. Interestingly, the nerve injury factors Atf3 and Sprr1a 

mRNA in ipsilateral dorsal horn spinal cord were strongly increased after incision, with a potentiation in DI 

as compared to SI (Fig. S3). Because we found no changes in the relative expression of nerve-injury related 

proteins in DRG neurons and since pain-related markers mRNAs were increased in the spinal cord of DI 

compared to SI mice, we then investigated spinal cells alterations through the labeling of peptidergic neurons 

(CGRP) and glial cells (Iba1 and GFAP). CGRP staining was found increased in the injured side of SI dorsal 

horns compared to Sham. DI increased CGRP staining on both sides, without any significative difference 

between SI and DI (Fig. S4A-C). GFAP staining in astrocytes was found unchanged at D3 and D7 compared 

to control group (Fig. S4D-F). Markers associated with microglial activation were also quantified using RT-

qPCR (Fig. 2E). Levels of Cd11b, Iba1, Csf1 and Csf1r mRNA were all found higher after incision (SI or 

DI) but no differences were found between SI and DI conditions. By contrast, at D7, microglial Iba1 staining 

density was found increased compared to Sham (SI vs. Sham: x 1.8) but also potentiated in DI compared to 

SI mice (DI vs. Sham: x 3.2; DI vs. SI: x 1.6) (Fig. 2F-G). To further show the implication of microglia in 
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the exaggeration of nociceptive behaviors, we then treated Sham, SI and DI mice with a single intrathecal 

injection of microglial inhibitors (40), minocycline (300µg/5µl/animal) at D3, when incision-induced pain 

hypersensitivity was still observed. Strikingly, minocycline restored mechanical thresholds to normal values 

only in DI mice, whereas it had no effect in Sham or SI mice (Fig. 2H). Similar results were obtained with 

GW2580 (1µg/5µl/animal), another microglial inhibitor (41), when intrathecally administered at the time of 

the surgeries (Fig. S5A-B). Interestingly, mice treated with GW2580 displayed enhanced grooming 

behaviors during the ST and reduced latency to eat during the NSF compared to untreated mice suggesting 

that the inhibition of spinal microgliosis may also have an impact in the development of mood disorders 

(Fig. S5D-F). Collectively these data show that surgery repetition prolongs mechanical/thermal 

hypersensitivity and induces spontaneous pain behavior supported by potentiation of microglial activation 

in the spinal cord that seems responsible not only for mechanical hypersensitivity after DI but also mood 

disorders. 

Our results here identify the overexpression of neuronal stress-related molecular markers (Sprr1a 

and Atf3) after DI suggesting a higher neuropathic component in DI compared to SI model. We recently 

showed that peripheral FLT3 inhibition prevents the development of neuropathic pain (31). Hence, we 

questioned the implication of FLT3 receptors in the development of exaggerated pain-related behaviors by 

assessing both sensorial and emotional behaviors after DI in Flt3 Knock-out (Flt3-/-) female and male mice. 

In the VF test, basal mechanical threshold was not affected by FLT3 silencing, as already described (31). 

After surgery, Flt3-/- male mice displayed a faster recovery (Fig. 3A-C) along with reduced mechanical pain 

hypersensitivity to both the first and the second incision compared to male Flt3 Wild Type (Flt3+/+) mice. 

Similar results were observed in female Flt3-/- mice (Fig. S6D-E). CPP experiments also confirm the 

presence of a place preference for the clonidine-paired chamber in the DI Flt3+/+ group. This place preference 

was totally prevented in DI Flt3-/- animals (Fig. 3D). To check for a potential role of FLT3 in basal mood 

modulation, we compared anxiodepressive-like behaviors of Flt3-/- with Flt3+/+ animals in naïve condition 

(Fig. S6A-C). No differences were observed between Flt3-/- and Flt3+/+ mice in the ST and NSF but Flt3-/- 
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already displayed decreased immobility duration in the FST. Afterward, the effects of FLT3 silencing on 

DI-induced anxiodepressive like behaviors were evaluated. Because these behaviors require motor 

functions, locomotor activity and motor coordination were systematically assessed in all tested animals (Fig. 

3E; Fig. S6F) and were found unchanged. Flt3-/- animals showed no significant differences with WT mice 

in NSF but were significantly less immobile in the FST and presented increased grooming in the ST (Fig. 

3F-H). At the molecular level, Iba1 staining in the dorsal horn of WT animals was increased whereas no 

change was found in Flt3-/- animals after DI (Fig. 3I-L).  

To evaluate whether local FLT3 activation alone can induce both sensorial and emotional alterations 

as displayed in the DI model, mice received intrathecal injections of FL (50ng/5µl/animal) and were tested. 

As previously shown, a single injection led to decreased mechanical threshold for at least 2 days (Fig. 4A). 

Strikingly, repeated intrathecal FL (2 weeks, 1inj/3days) failed to impair motor coordination but induced 

decreased grooming behavior, increased latency to eat and immobility duration on the ST, NSF and FST 

compared to vehicle-treated animals, respectively (Fig. 4B-E). All behaviors were significantly modified in 

all tests after repeated FL treatment, mimicking features of the DI model. At the cellular level, Iba1 staining 

was found quantitatively enhanced after repeated FL vs vehicle injections (Fig. 4F-G), confirming its effect 

on central changes in the spinal cord. To rule out a possible implication of FLT3 expression in microglia 

cells after surgery, we performed Flt3 in situ hybridization of spinal cord from the CX3CR1EGFP mouse line, 

in which EGFP is expressed in CX3CR1+ cells, known as macrophages (including microglia). Our data 

revealed the absence of colocalization between Flt3 mRNA and CX3CR1 (Fig. S7). These data suggest that 

the activation of microglia is not mediated by the microglia itself but likely through the activation of the 

peripheral FLT3 promoting central pain sensitization, causing emotional and sensorial alterations. 

Lastly, we developed cross-reacting antibodies specifically directed against both human and mice 

FLT3. Functional antibodies have the interesting property to not cross the blood brain barrier and could be 

an advantageous tool for questioning peripheral FLT3 functions, and potentially treat postoperative pain in 

human. Among all the antibodies produced, the mAbA3 antibody was found to present high affinity for both 
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receptors (Fig. 5A-B, Fig. S8). Moreover, Homogeneous Time Resolved Fluorescence (HTRF) signals of 

FLT3-expressing RS4-11 cells in the absence or presence of FL was strongly reduced in a dose dependent 

manner after exposure to mAbA3 (Fig. 5C-E). Because we know the therapeutic benefits of inhibiting FLT3 

in neuropathic pain models, in vivo efficacy of the antibody was evaluated in the Chronic Constriction Injury 

(CCI) of the sciatic nerve model of neuropathic pain. Single or repeated (Fig. 6A, C) systemic injections of 

mAbA3 totally blocked mechanical pain hypersensitivity evaluated on the injured hindpaw. Inhibition of 

mechanical hypersensitivity started at a dose of 50 µg/animal of mAbA3 (Fig. 6B). We next tested the 

efficacy of mAbA3 in animals that underwent repeated incisions. A single preventive systemic injection of 

200 µg of mAbA3 during the first incision strongly accelerated recovery to a basal mechanical threshold 

after both the first and the second incision on the ipsilateral hindpaw (Fig. S9A, B). Since a single injection 

was not able to block CPSP induced anxiodepressive like behaviors (Fig. S9D-F), several injections were 

made after the first incision (1 injection every 2 days until the second incision). Repeating preventive 

injections of mAbA3 not only reduced pain hypersensitivity but also totally prevented the development of 

anxiodepressive-like behaviors compared to vehicle-treated mice (Fig. 6D-H).  
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Discussion 

Our results show that the repetition of surgical incision (DI) leads to sustained depressive-like 

behaviors along with the exaggeration of nociceptive behaviors and the appearance of spontaneous pain 

recapitulating the different features of chronic pain in humans (42). These behaviors are associated with 

microglial activation in the spinal cord dorsal horn and decreased neurogenesis in the hippocampus 

supporting central alterations after DI. We report for the first time the implication of FLT3 in sustained pain 

sensitization produced by repeated injury. Strikingly, FLT3 activation alone is sufficient to recapitulate 

microglial activation and anxiodepressive-like behaviors observed after DI. Conversely, FLT3 deletion 

leads to the complete prevention of DI-related behavioral and molecular modifications. Finally, we 

developed an innovative therapeutic tool represented by the FLT3 human antibody (mAbA3) targeting both 

human and murine FLT3. Treatment with FLT3 antibodies not only blocked exaggerated pain behaviors 

produced by repeated surgical procedure but also the subsequent depressive-like behaviors.  

To better examine the mechanisms involved in pain chronification after acute injury, we used an 

experimental procedure that consists of repeating a surgical incision on the opposite hindpaw of the same 

animals 7 days apart (36). Here, our main objective was to determine whether repeated acute injury may 

produce pain sensitization peripherally and centrally. To address this question, we characterized the 

differences observed between SI and DI at the behavioral and molecular levels. As previously reported, the 

pain hypersensitivity produced by the second surgery is largely enhanced compared to the one produced by 

the first surgery as it takes 7 days for the pain hypersensitivity to resolve after SI compared to 14 days after 

DI. Our data suggest that surgery, like inflammation, may produce a sustained sensitized state leading to 

increased vulnerability to develop persistent pain when sensitized individuals are challenged with 

subsequent nociceptive stimuli leading to exaggerated nociceptive behaviors (12,43). However, to our 

knowledge no study has evaluated the impact of such a repetition on the development of emotional disorders. 

Our data show for the first time that DI not only produces exaggerated pain behaviors but also leads to 
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sustained anxiodepressive-like behaviors starting after the second injury and lasting 3 weeks post-injury. Of 

note, behavioral alterations are associated with reduced hippocampal neurogenesis which is consistent with 

the depressive phenotype described in both rodents and humans (44–47). Pre-clinical pain models already 

reported the existence of depressive-like behaviors that usually develop in 5-7 weeks after nerve injury (48–

50). These models allow to identify the neuronal circuits supporting comorbidity of persistent pain and mood 

disorders (51,52). Our data shows that DI model is a very attractive model for evaluating the characteristics 

of peripheral and central processes induced by nociceptive inputs leading to fast and sustained pain and 

mood sensitization. 

As already proposed, the exaggeration of mechanical pain hypersensitivity produced by the second 

surgery performed in the non-operated hindpaw strongly suggests that pain sensitization is mainly affecting 

the central nervous system (43). This is further supported by the fact that we were unable to find a marker 

(ATF3 and CSF1) differentially expressed in DI compared to SI in DRG. Furthermore, retrograde labelling 

experiments highlight the small proportion of neurons affected by incision, mainly located in L4 DRGs. We 

then evaluated potential modifications in the spinal cord of these animals. We show that Iba1 

immunoreactivity is significantly enhanced after DI compared to SI or control. The curative inhibition of 

microglial activation via minocycline or GW2580 leads to a quick recovery of pain sensitivity only after DI. 

Our observation agrees with previous data reporting that primed spinal microglia by neonatal incision is 

involved in the persistent pain in re-incised adult rat (53). Interestingly, the microglial inhibition via G2580 

also reduces anxiodepressive-related behaviors. This indicates that spinal microglial overactivation 

produced by repeated incisions promotes both the sensorial and emotional alterations caused by DI. 

Microglia-related genes (Cd11b, Iba1, Csf1, Csf1r) were all increased after incision, without any difference 

between SI and DI conditions suggesting that DI may likely induce post-transcriptional expression 

modifications rather than transcriptional alterations. Concerning astroglial activation, GFAP expression was 

not different in the spinal cord after SI or DI, as opposed to what has been reported (54). We can arguably 

propose that astrogliosis potentially appears later than the investigated timeframe. Furthermore, these 
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observations were only made in rats. Altogether, our results show the strong involvement of peripheral 

neuron/ central microglia interactions, an important mechanism of persistent central pain sensitization, in 

the exaggeration of nociceptive behaviors, as it has been already shown in other chronic pain models, 

especially after neuropathic pain (51). We further report that spinal microglia activation is also necessary in 

peripheral injury-induced depression-related behaviors. 

In neuropathic pain models, microgliosis depends on CSF1 release by sensory neurons from DRG 

(39) that then reaches the spinal cord to activate microglial CSF1R. Our data emphasize a neuropathic-like 

component in the SI and DI models through the discovery of a peripheral CSF1 activation that is totally 

absent in an inflammatory pain model (55). This activation was associated with enhanced ATF3 expression 

in sensory neurons. Additional studies will be necessary to determine which mechanisms are critical for the 

over-activation of microglia after DI. Finally, the enhanced spinal expression of Atf3 and Sprr1a mRNAs, 

two markers of nerve injury (38,56) confirms the strong neuropathic component in our models. Of note, the 

increased expression of these markers in DI vs. SI suggests a stronger neuropathic component in DI 

compared to SI supporting the clinical observation that persistent post-surgical pain is partially neuropathic 

in nature (57).  

In the continuity of our previous work showing the involvement of FLT3 in neuropathic pain and 

considering the important neuropathic contribution in these models, we then evaluated the effects of FLT3 

inhibition and activation in incision-induced central sensitization. Absence of Flt3 expression in null mutant 

mice leads to faster recovery of pain hypersensitivity after incision, and to a total prevention of spontaneous 

pain and anxiodepressive-like behaviors. Beneficial behavioral effects of FLT3 silencing are common to 

both males and females. Spinal microgliosis activation is also reduced in Flt3-/- animals. Interestingly, FL 

alone can activate microglia in the dorsal horn of the spinal cord and to recapitulate many aspects of pain 

sensitization exhibited in DI. The effect of FL seems to be neuron dependent since Flt3 mRNA is absent in 

CX3CR1 positive cells. Moreover, since Flt3 mRNA is totally absent in the superficial dorsal horn layers 

of the spinal cord, it is tempting to speculate that the intrathecal injection of FL leads to the activation of 
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peripheral FLT3. Altogether, our data suggest that FLT3 expressed in the DRG can produce persistent 

central pain sensitization via spinal microgliosis. We then developed functional antibodies (mAbA3) in 

order to reach high affinity and specificity for both mouse and human FLT3 using phage-display and a scFv 

synthetic library (58,59). Our data show that a single injection of mAbA3 is sufficient to prevent surgery-

induced exaggerated pain hypersensitivity but insufficient to prevent the development of surgery-induced 

anxiodepressive disorders. We then considered the administration of repeated antibodies starting before the 

first surgery and repeated every two days until the second surgical challenge. The preventive use of mAbA3 

also largely decreases the time of recovery and totally hinders the development of anxiodepressive disorders. 

These results clearly support the role of peripheral neuronal FLT3 in the development of pain sensitization 

after repeated injury as the crossing of functional antibodies into the central nervous system is impeded by 

the blood-brain barrier. Remarkably, we discovered that FLT3 is causally required for the pro-nociceptive 

effects of microglia. This important finding not only illuminates the neurobiology of pain and microglia 

function, but also emphasize the relevance of developing therapeutics, like functional antibodies targeting 

FLT3 for the treatment of chronic pain. 

In conclusion, we demonstrate that repeated peripheral incisions lead both to sensorial and 

emotional alterations through central pain sensitization. These alterations correlate with spinal microglia 

over-activation which is responsible for DI-induced mechanical hypersensitivity. Increased expression of 

axonal regeneration genes and markers of neuropathy unveil the strong neuropathic component in our 

models, particularly in DI. Our study supports peripheral FLT3 as an important upstream neuronal 

modulator of spinal microgliosis involved in central pain sensitization leading to exaggerated pain-related 

behaviors and anxiodepressive disorders. Consequently, targeting FLT3 via functional antibodies against 

both human and mice FLT3 efficiently alleviates sensitization. Collectively, these data open new avenues 

for the management of the prevention of pain sensitization and chronification.  
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Figure Legends 

Figure 1: Influence of single (SI) or double incision (DI) on emotional related behaviors and 

neurogenesis. During the second week after surgery (Sham, SI, DI), (A) decreased grooming 

behavior in the splash test, (B) increased latency to eat in the novelty suppressed feeding test and 

(C) increased immobility duration in the forced swim test is observed only in DI mice compared 

to control mice. (D) Summary table of anxiodepressive-like behaviors in all tests at three different 

time points. (E) Brdu/NeuN positive nuclei per section in the dentate gyrus is significantly reduced 

only in DI mice 7 days post-injury (scale bars = 200µm) and (F) related quantification. All the 

values are means ± s.e.m. (n=12 except in E, F, n=4). One-way ANOVA and Holm-Sidak’s test 

(A, B, C) or Kruskal-Wallis test (F); *P<0.05; **P<0.01; ***P<0.001 vs. Sham. 

 

Figure 2: Influence of single (SI) or double (DI) incision on sensorial behaviors and microgliosis. 

(A) Mechanical hypersensitivity after incisions as measured by the Von Frey test and (B) 

cumulative area under curve representation show increased mechanical hypersensitivity after DI. 

(C) Cumulative area under curve representation of Hargreave’s test shows increased thermal 

hypersensitivity after DI. (D) Conditioned place preference induced by clonidine-evoked analgesia 

4 days post-Sham, SI or DI. (E) Changes in spinal microgliosis related biomarkers mRNA 

expression as measured with RT-qPCR 3 days after Sham, SI or DI. (F) Iba1 immunoreactivity in 

the whole spinal cord (left panel) and zoomed dorsal horn (right panel) 7 days after Sham, SI or DI 

(scale bars = 200µm) and (G) related quantification. (H) Mechanical threshold of Sham, SI and DI 

animals before (3 days post-procedure) and 15 minutes after intrathecal injection of minocycline 

(300µg/mouse). All the values are means ± s.e.m. (n=8 except in D, n=10 and E-G, n=4). Two-
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way ANOVA and Holm-Sidak’s test (A); Student’s t-test (B-C); One-way ANOVA and Holm-

Sidak’s test (D-H); *P<0.05; **P<0.01; ***P<0.001 vs. Sham, baseline or vehicle paired; #P<0.05; 

##P<0.01; ###P<0.001 vs. SI. 

 

Figure 3: Silencing Flt3 expression blocks DI-induced behavioral and molecular sensitization. (A, 

B) Left and right hindpaw mechanical hypersensitivity after incisions on Flt3+/+ or Flt3-/- mice as 

measured by the Von Frey test and (C) cumulative area under curve representation highlight the 

absence of mechanical hypersensitivity exaggeration after DI in Flt3-/-. (D) Conditioned place 

preference induced by clonidine-evoked analgesia 4 days post-injury is totally prevented in Flt3-/-. 

Silencing Flt3 expression did not change locomotor activity (E) and latency to eat in novelty 

suppressed feeding test (G), but  increases grooming duration in splash test (F) and decreases 

immobility duration in forced swim test (H)  compared to Flt3+/+ mice. (I) Iba1 immunoreactivity 

of spinal cord left dorsal horn dissected from Sham or DI (Flt3-/- or control) mice and (J) related 

quantification show significantly higher labeling density in DI Flt3+/+ mice compared to Sham 

Flt3+/+. (K) Iba1 immunoreactivity of spinal cord right dorsal horn dissected from Sham or DI 

(Flt3-/- or control) mice and (L) related quantification show significantly higher labeling density in 

DI Flt3+/+ mice compared to Sham Flt3+/+. All the values are means ± s.e.m. (n=8/9 except in I-L, 

n=6/7). Two-way ANOVA and Holm-Sidak’s test (A-B); Student’s t-test (E-H); One-way 

ANOVA and Holm-Sidak’s test (C, D, J, L); *P<0.05; **P<0.01; ***P<0.001 vs. Flt3+/+ or Sham 

Flt3+/+ or Sham Flt3-/-. 
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Figure 4: FL administration mimics DI induced behavioral and molecular alterations. 

(A) Mechanical hypersensitivity measures with Von Frey filaments after a single intrathecal 

injection of FL (50ng/5µl) or saline. (B) Repeated intrathecal injections of FL (50ng/5µl, 5 

injections delivered across 15 days) fail to affect performance on rotarod, (C) decrease grooming 

duration in splash test, (D) increase latency to eat in novelty suppressed feeding test and (E) 

immobility duration in forced swim test compared to control injections. (F) Iba1 immunoreactivity 

of whole spinal cord dissected from saline injected and FL injected mice (50ng/5µl, daily injection 

for 3 days) 24 hours after the last injection (left scale bars = 200µm; right scale bars = 20µm) and 

(G) related quantification. All the values are means ± s.e.m. (n=10 except in F, G, n=4). Student’s 

t-test (A-E); unpaired Mann-Whitney t-test (G); *P<0.05; ***P<0.001 vs. I.t. Vehicle. 

 

Figure 5: MAbA3 is a high affinity functional antibody against both human and murine FLT3 

receptor. Binding curves of FL on human (A) and murine FLT3 (B) in presence of increasing 

doses of mAbA3. MAbA3 reduces in a dose dependent manner HTRF signal reporting mouse 

FLT3 constitutive activity (C) and FL-induced increased FLT3 activity after FL application at 1 

nM (D) and 10 nM (E). All the values are means ± s.e.m. (n=4); *P<0.05; **P<0.01; ***P<0.001 

vs. Baseline 

 

Figure 6: Functional antibodies treatment against FLT3 prevents the development of CPSP. (A) A 

single injection of mAbA3 (100µg/mouse, intraperitoneal) reduces CCI-related (9 days after 

chronic constriction injury of the sciatic nerve) mechanical hypersensitivity as measured 1, 1.5 and 

2 days after injection in the Von Frey test. (B) Experiments were performed as in A, with doses of 
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mAbA3 ranging from 2 to 200µg/animal. Data represent the maximum percentage of pain 

hypersensitivity inhibition. (C) Intraperitoneal vehicle (Veh) or mAbA3 injections (200µg/animal) 

were initiated 25 days after CCI of the sciatic nerve and repeated at times indicated by arrows. 

Mechanical hypersensitivity was recorded 26, 28, 33, 35 and 44 days after CCI. (D-E) Left and 

right hindpaw mechanical hypersensitivity after incisions in either vehicle or mAbA3 treated 

(arrows= 200µg/animal, intraperitoneal) mice as measured by the Von Frey test. Repeated 

intraperitoneal injections of mAbA3 (200µg/animal, 1 injection each 2 days during the first incision 

phase for a total of 4 injections) increases grooming duration in splash test (F), decreases latency 

to eat in novelty suppressed feeding test (G) and immobility duration in forced swim test (H) in 

treated mice compared to control mice. Two-way ANOVA and Holm Sidak’s test (A-E), Student’s 

t-test (F-H); *P<0.05; **P<0.01; ***P<0.001 vs. Sham-Veh or Vehicle. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.23.469557doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.23.469557


SI

Tests 1st week 2nd week 4-5th week

ST - - -

NSF + - -

FST - - -

DI

Tests 1st week 2nd week 4-5th week

ST + + -

NSF + + -

FST + + -

Recovery

Recovery

D

E

Sham SI DI
0

50

100

150

200

ST
G

ro
om

in
g 

du
ra

tio
n 

(s
)

**

Sham SI DI
0

100

200

300

400

NSF

La
te

nc
y 

to
 e

at
 (s

) ***

Sham SI DI
0

50

100

150

200

FST

Im
m

ob
ilit

y 
du

ra
tio

n 
(s

) *

Br
du

/N
eu

N
 p

os
iti

ve
 n

uc
le

i p
er

 s
ec

tio
n

Sham SI DI
0

10

20

30

*

A B C

F
Brdu / NeuN Brdu / NeuN

Brdu / NeuN Brdu / NeuN

Brdu / NeuN Brdu / NeuN

Figure 1

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.23.469557doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.23.469557


Bsl 1 4 7 10 13 16 19 22
0.0

0.5

1.0

1.5

2.0

2.5

Time (days)

Pa
w

 w
ith

dr
aw

al
 th

re
sh

ol
d 

(g
)

* * *
*
*

1st incision 2nd incision

Left hindpaw
Right hindpaw

AU
C

 (I
ps

ila
te

ra
l)

SI DI
0

5

10

15

20
##

Ip
si

. w
ith

dr
aw

al
 la

te
nc

y 
(s

)

+3D +7D
0

5

10

15
SI
DI

###
###

Pre-test Sham SI DI
0

100

200

300

400

500

Ti
m

e 
in

 c
ha

m
be

r (
s)

Clonidine paired
Vehicle paired

*

Ib
a 

1 
(%

in
cr

ea
se

 v
s.

 S
ha

m
)

         Sham         SI          DI
0

100

200

300

400
Right hindpaw
Left hindpaw

***

***
***

##
##

m
R

N
A 

re
la

tiv
e 

ex
pr

es
si

on
 le

ve
l

Cd11b Iba1 Csf1 Csf1r
0.0

0.5

1.0

1.5
Sham
SI+3D
DI+3D***

**
***** ***

*
**

*

w
ith

dr
aw

al
 th

re
sh

ol
d 

(g
)

Bsl1 Bsl2 +3D +15min
0.0

0.5

1.0

1.5

2.0

2.5
DI
SI
Sham

###

Minocycline

A B C

D

F

G

E

H

SI

DI

Sham

Iba1 Iba1

Iba1 Iba1

Iba1 Iba1

Figure 2

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.23.469557doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.23.469557


1st incision 2nd incision 1st incision 2nd incision

Flt3 +/+

Flt3 -/-

A B C

D E F

G

I J

L

Ti
m

e 
in

 c
ha

m
be

r (
s)

Pre-test Flt3 +/+ Flt3 -/-
0

200

400

600

800

***

Bsl 1 4 7 10 13 16 19 22
0.0

0.5

1.0

1.5

2.0

2.5

Left hindpaw

Time (days)

Pa
w

 w
ith

dr
aw

al
 th

re
sh

ol
d 

(g
)

*
***

** **
***

Bsl 1 4 7 10 13 16 19 22
0.0

0.5

1.0

1.5

2.0

2.5

Right hindpaw

Time (days)

Pa
w

 w
ith

dr
aw

al
 th

re
sh

ol
d 

(g
)

Flt3 +/+

Flt3 -/-

1st incision 2nd incision
0

5

10

15

20

 A
U

C
 (I

ps
ila

te
ra

l) *
Flt3 +/+

Flt3 -/-

D
is

ta
nc

e 
tra

ve
le

d 
(c

m
)

0

500

1000

1500

Flt3 +/+ Flt3 -/-

0

50

100

150

200

250
ST

G
ro

om
in

g 
du

ra
tio

n 
(s

) *

Flt3 +/+ Flt3 -/-

0

50

100

150

200

250
NSF

La
te

nc
y 

to
 e

at
 (s

)

Flt3 +/+ Flt3 -/-

0

50

100

150

200
FST

Im
m

ob
ilit

y 
du

ra
tio

n 
(s

)

***

Flt3 +/+ Flt3 -/-

Right DH

N
or

m
al

iz
ed

 %
 a

re
a 

(Ib
a-

1)

0

50

100

150

200
*

Left DH

N
or

m
al

iz
ed

 %
 a

re
a 

(Ib
a-

1)

0

50

100

150

200

Sham Flt3 +/+

Sham Flt3 -/-

DI Flt3 +/+

DI Flt3 -/-

*

H

Left DH

Right DH

Sham Flt3 +/+

Sham Flt3 +/+

Sham Flt3 -/-

Sham Flt3 -/-

DI Flt3 -/-

DI Flt3 -/-DI Flt3 +/+

DI Flt3 +/+

Iba1 Iba1

Iba1 Iba1

Iba1

Iba1 Iba1

Iba1

K

Clonidine paired
Vehicle paired

Figure 3

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.23.469557doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.23.469557


W
ith

dr
aw

al
 th

re
sh

ol
d 

(g
)

Vehicle FL
0.0

0.5

1.0

1.5

2.0

2.5

***

ST

G
ro

om
in

g 
du

ra
tio

n 
(s

)

Vehicle FL
0

50

100

150

200

*

NSF
La

te
nc

y 
to

 e
at

 (s
)

Vehicle FL
0

100

200

300

400
*

FST

Im
m

ob
ilit

y 
du

ra
tio

n 
(s

)

Vehicle FL
0

50

100

150

200 *

N
or

m
al

iz
ed

 %
 a

re
a 

(Ib
a1

)

Vehicle FL
0

50

100

150

200
*

A B

C D

F

G

FL

Vehicle

Iba1

Iba1

E

Rotarod

Ti
m

e 
on

 ro
ta

ro
d 

(s
)

Vehicle FL
0

50

100

150

Figure 4

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.23.469557doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.23.469557


A B

C D ENo FL addition

0 0.1 1 10 100
0

50

100

150

mAbA3 (µg/ml)

%
 o

f b
as

el
in

e

FL = 1 nM

No FL 0 0.1 1 10 100
0

50

100

150

200

250

         FL + mAbA3 (µg/ml)

%
 o

f b
as

el
in

e 
(n

o 
FL

)

*** ***
***

***

*

FL = 10 nM

No FL 0 0.1 1 10 100
0

100

200

300

400

500

         FL + mAbA3 (µg/ml)

%
 o

f b
as

el
in

e 
(n

o 
FL

)
*

Human FLT3

-9 -8 -7 -6
0

20

40

60

80

100

120

Log [ mAbA3 ] M

%
 F

L 
bi

nd
in

g

Mouse FLT3

-9 -8 -7 -6
0

20

40

60

80

100

120

Log [ mAbA3 ] M

%
 F

L 
bi

nd
in

g

EC50 = 105.8 nMEC50 = 110.5 nM

Figure 5

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.23.469557doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.23.469557


1 4 7 10 13 16 19 22
0.0

0.5

1.0

1.5

2.0

2.5

Left hindpaw

Time (days)

Pa
w

 w
ith

dr
aw

al
 th

re
sh

ol
d 

(g
)

mAbA3 200µg
Vehicle

****
***

* *

Vehicle or mAbA3
injection

1 4 7 10 13 16 19 22
0.0

0.5

1.0

1.5

2.0

2.5

Right hindpaw

Pa
w

 w
ith

dr
aw

al
 th

re
sh

ol
d 

(g
)

**

***
*

*

Vehicle or mAbA3
injection

mAbA3 200µg
Vehicle

Vehicle mAbA3
0

50

100

150

200

ST

G
ro

om
in

g 
du

ra
tio

n 
(s

)

***

Vehicle mAbA3
0

100

200

300

400

NSF

La
te

nc
y 

to
 e

at
 (s

) ***

Vehicle mAbA3
0

50

100

150

FST
Im

m
ob

ilit
y 

du
ra

tio
n 

(s
) *

-3 0 3 6 9 12
0

20

40

60

80

100 mAb3A 100 µg/animal
Vehicle

**

CCI

Time (days)

%
 o

f w
ith

dr
aw

al

-200

-150

-100

-50

0

50

100

150

Pe
rc

en
ta

ge
 o

f i
nh

ib
iti

on

*
*

Bsl 2 20 50 100 200
mAbA3 (µg/animal)

A B C

D E

F G H

0 5 10 15 20 25 30 35 40 45
0

20

40

60

80

100
Sham-Veh
CCI-mAbA3 200µg

CCI-Veh

CCI

Vehicle or mAbA3 injections

*

*

*

* *
* **

*

Time (days)

Pe
rc

en
ta

ge
 o

f w
ith

dr
aw

al

Time (days)

Vehicle or mAbA3 injection

Figure 6

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.23.469557doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.23.469557

	article adrien DCPO Biological Psychiatry final
	Figures

