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Medial plantar nerve ligation as a 
novel model of neuropathic pain 
in mice: pharmacological and 
molecular characterization
Morena B. Sant’Anna1, Ricardo Kusuda1, Tiago A. Bozzo1, Gabriel S. Bassi1,2, José C. Alves-
Filho1, Fernando Q. Cunha1, Sergio H. Ferreira1, Guilherme R. Souza1 & Thiago M. Cunha1

Peripheral neuropathic pain is a consequence of an injury/disease of the peripheral nerves. The 
mechanisms involved in its pathophysiology are not entirely understood. To better understand the 
mechanisms involved in the development of peripheral nerve injury-induced neuropathic pain, more 
experimental models are required. Here, we developed a novel peripheral neuropathic pain model in 
mice by using a minimally invasive surgery and medial plantar nerve ligation (MPNL). After MPNL, 
mechanical allodynia was established, and mice quickly recovered from the surgery without any 
significant motor impairment. MPNL causes an increased expression of ATF-3 in the sensory neurons. 
At 14 days after surgery, gabapentin was capable of reversing the mechanical allodynia, whereas anti-
inflammatory drugs and opioids were ineffective. MPNL-induced neuropathic pain was mediated by 
glial cells activation and the production of TNF-α and IL-6 in the spinal cord. These results indicate 
MPNL as a reasonable animal model for the study of peripheral neuropathic pain, presenting analgesic 
pharmacological predictivity to clinically used drugs. The results also showed molecular phenotypic 
changes similar to other peripheral neuropathic pain models, with the advantage of a lack of motor 
impairment. These features indicate that MPNL might be more appropriate for the study of neuropathic 
pain than classical models.

Neuropathic pain is widely recognized as one of the most difficult pain syndromes to treat and represents a signif-
icant challenge to researchers and clinicians. While it often does not respond to conventional analgesic therapies, 
non-conventional painkillers including anti-epileptics (such as carbamazepine and gabapentin) or antidepres-
sants (such as amitriptyline) can be effective1. Nevertheless, patients continue to suffer with moderate severity 
pain despite taking prescribed medications for their condition2.

Neuropathic pain results from lesions in the central or peripheral nervous system caused by mechanical 
trauma, metabolic diseases, neurotoxic chemicals, infection, some medications or tumour invasion3. The identi-
fication of a specific pathophysiological change involved in the induction and maintenance of neuropathic pain 
may provide the basis for the development of novel analgesic therapies for this disease. In this context, the under-
standing of the neurobiology of neuropathic pain has been greatly accelerated by the development of animal 
models that reflect some elements of human pain syndromes4. Mechanical trauma in the peripheral nerves are 
the most used experimental models to induce neuropathic pain5. For instance, chronic constriction injury (CCI) 
caused by ligation of the sciatic nerve has been extensively used to elucidate the pathophysiology of peripheral 
neuropathic pain6–10. Importantly, these models require vast invasive surgeries, and in some cases, they result 
in damaged muscles or osteotomy. Consequently, animals require a long period to recover after surgery, which 
complicates the study of neuropathic pain in the initial period (induction phase). During this recovery phase, 
which lasts about three to five days, animals exhibit a considerable loss of functional gait, which makes the eval-
uation of pain behaviours difficult. Therefore, to better understand the mechanisms involved in the induction 
and maintenance of peripheral nerve injury-induced neuropathic pain, more experimental models are required. 
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In the present study, we propose a novel model to study peripheral neuropathic pain that is based on a minimal 
invasive surgery and medial plantar nerve ligation (MPNL) in mice (Fig. 1). The pharmacological predictivity and 
molecular mechanisms involved in MPNL-induced peripheral neuropathic pain were also addressed.

Results
MPNL induced mechanical hypersensitivity and ATF-3 expression in the dorsal root ganglia.  
On the first day following the surgical procedure, the MPNL group showed a marked mechanical allodynia 
ipsilateral to the nerve injury, which was marginally different from sham-operated animals (Fig. 2A). However, 
MPNL-induced mechanical allodynia persisted, at least, twenty-five days after surgery, whereas the nociceptive 
threshold of sham-operated animals recovered to control levels (P <  0.001, n =  5; Fig. 2). In another set of exper-
iments, we performed the MPNL model parallel to another well-characterized model of peripheral neuropathic 
pain in mice, the chronic constriction injury model (CCI). Both MPNL and CCI induced mechanical allodynia 
(Fig. 2B). However, the intensity of mechanical allodynia was higher in the CCI group compared with that in the 
MPNL group (Fig. 2B). Interestingly, in our conditions, it was only possible to assess the mechanical allodynia 7 
days after the CCI surgery because some animals dragged their hind paw, which makes the mechanical thresh-
old measurement difficult (Fig. 2B). Importantly, in the CCI model, 100% of the mice responded to the two last 
filaments (0.02 and 0.008 g) of the von Frey series, whereas none on the MPNL model mice reached this level of 
mechanical allodynia.

To evaluate whether the MPNL model would cause injury to peripheral sensory neurons, DRGs (L3–L6 
pooled) were collected, and protein levels were assessed. There was a significant time-dependent increase in 
ATF-3 expression after MPNL, which peaked seven days post-injury, returning to control levels 21 days after 
MPNL (Fig. 3A). In another set of experiments, DRGs were harvested separately (L3 to L6; a poll of 3) at seven 
days following surgery to evaluate which DRG was more affected after MPNL by measuring ATF-3 expression. 
The increased expression was more prominent in L4 ganglia, although L3 and L5 also showed significantly higher 
ATF-3 expression compared with sham-control ganglia (Fig. 3B). Importantly, the up-regulation of ATF-3 
was higher in the DRGs (L3–L6 pooled) of the CCI injured mice compared with the MPNL mice (Fig. 3C). 

Figure 1. Representative image of the steps involved in the induction of MPNL. (A) Mice under anaesthesia 
and medial paw region, site of procedure; (B) incisions of approximately 0.5 cm; (C) MPN exposure with a glass 
probe; (D–G) MPN ligation (H,I) suture of the incision.
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Corroborating the western blotting data, the immunofluorescence of L4 ganglia revealed an increase in ATF-3 
immunoreactivity in the nuclei of sensory neurons after MPNL compared with sham-operated DRGs, which was 
even higher in the CCI-operated mice (Fig. 4).

The motor functional capacity of animals undergoing MPNL surgery was evaluated using rota-rod test. No 
significant difference was observed between the sham and MPNL groups on the third (remaining time means of 
117.6 and 119 min, respectively), seventh (means of 120 min in both groups) and fourteenth (means of 120 min 
in both groups) days after surgery. Corroborating the hypothesis that MPNL does not cause significant motor 
impairment, we found no cells expressing ATF-3 in the ventral horn of the spinal cord of the MPNL mice (Fig. 5). 
On the other hand, there was an increase in the ATF3-expressing cells in the ventral horn of the spinal cord of 
CCI mice, suggesting some degree of damage in the motor neurons (Fig. 5).

Analgesic pharmacological predictive value of the MPNL model. The pharmacological predictive 
value of MPNL was determined by treating mice on the third and fourteenth days following MPNL with different 

Figure 2. Mice developed mechanical hypersensitivity after MPNL. (A) The mechanical withdrawal 
threshold was evaluated using von Frey filaments before and from the 1st to 25th day after surgery. (B) The 
mechanical withdrawal threshold was evaluated before and at indicated time points after MPNL or CCI 
surgery. Sham-operated mice were used as the control. The data are presented as the mean ±  S.E.M (n =  5 per 
group). Time 0 represents the baseline value before surgery. *** P <  0.001 and * P <  0.05 indicates a statistically 
significant difference when compared with the sham group. #P <  0.01 indicates a statistically significant 
difference when compared with the CCI group.

Figure 3. MPNL induces peripheral sensory neuron injury. (A) The DRGs L3, L4 and L5 were collected at 
3–21 days after MPNL surgery. (B) On the seventh day after MPNL, the DRG were collected separately at L3, 
L4, L5 and L6. (C) On the seventh day after MPNL or CCI, the DRG were collected (pooled L3, L4, L5 and L6). 
Representative blots of the three experiments are shown as well densitometric analyses. The data are presented 
as the mean ±  S.E.M (n =  4 per group). ***P <  0.001, **P <  0.01 and *P <  0.05 indicate statistically significant 
differences when compared with sham mice.
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classes of clinically used analgesic drugs, including steroids (dexamethasone; Fig. 6A,B), NSAIDs (indomethacin, 
Fig. 6C,D), opioids (morphine; Fig. 6E,F) and gabapentinoids (gabapentin, Fig. 6G,H). On the third day following 
MPNL, all drugs were significantly reversed mechanical allodynia (Fig. 6A,C,E,G). On the other hand, on the 
fourteenth day after surgery, dexamethasone, indomethacin and morphine produced only a slight reduction in 
mechanical allodynia after MPNL (Fig. 6B,D and F). Nevertheless, gabapentin reversed MPNL-induced mechan-
ical allodynia by the 14th day after surgery (Fig. 6H).

Glial cell activation in the spinal cord contributed to the MPNL-induced pain-like behaviours.  
Glial cell activation in the spinal cord (manly microglia and astrocytes) occurs after peripheral nerve injury and 
accounts for chronic pain induction and maintenance11–14. In this context, the participation of spinal glial cells 
in MPNL-induced pain-like behaviours was investigated. Firstly, microglial cell activation/proliferation in the 
spinal cord was assessed after MPNL induction through the analysis of Iba1 expression. There was a significant 
increase in the expression of Aif1 (Iba1 gene) mRNA from the third to the tenth day after surgery (Fig. 7A). 
There was also a significant increase in Iba1 protein expression three days after MPNL (P <  0.01) (Fig. 7B). These 
results were confirmed by immunofluorescence of spinal cord slices. The naive group showed the constitutive 
expression of Iba1 in the spinal cord (Fig. 7C), whereas a massive increase in Iba1-expressing cells was observed 
on the ipsilateral side (dorsal horn) of the spinal cord 3 days after MPNL (Fig. 7C). In only 10% of the slices 
analysed, there was an increase in the expression of Iba1 in the ventral horn of the spinal cord (data not shown). 
Further supporting the hypothesis that MPNL triggers microglia activation in the spinal cord, we found that 
the morphology of microglia changed from a resting state (ramified) to an activated state (hypertrophied and 
amoeboid) after MPNL (Fig. 7C–F). Functionally, the inhibition of spinal microglia activity with intrathecal (i.t.) 

Figure 4. ATF-3 immunoreactivity in the L4 DRG after MPNL or CCI. At 3 or 7 days after MPNL or CCI 
surgery, L4 DRGs were harvested and the expression of ATF-3 was evaluated by immunofluorescence. ATF-3 
was detected exclusively in the nuclei of neurons in the DRG. Representative images are shown in (A–F).  
(G) As a control, the primary antibody was omitted from the reaction. Scale bar 50 μ m. (H) The percentages of 
ATF-3 +  neurons are also shown. The data are presented as the mean ±  S.E.M (n =  4 per group). ***P <  0.001 
compared with naive mice. #P <  0.001 compared with MPNL mice.
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injections of minocycline (preoperatively, and once a day for up to 3 days following MPNL), significantly inhib-
ited MPNL-induced mechanical allodynia in a dose- and time-dependent manner (Fig. 7G). The higher dose of 
minocycline did not change the mechanical threshold of sham-operated mice (Fig. 7G). Remarkably, when min-
ocycline treatment was interrupted, the MPNL-induced mechanical allodynia was restored (Fig. 7G).

Regarding astrocytes, there was an increase in the expression of GFAP (astrocyte activation marker) in the 
spinal cord 7 days after MPNL (Fig. 8A). Because the increased expression of GFAP protein was significant on 
day 7 after surgery, this time point was used to assess the participation of astrocytes in MPNL-induced mechan-
ical allodynia. Then, (i.t.) treatment with fluorocitrate (an astrocyte function inhibitor) reduced MPNL-induced 
mechanical allodynia in a dose- and time-dependent manner (Fig. 8B). Interestingly, the higher dose (3 nmol/
site) of fluorocitrate reduced the mechanical allodynia until 24 h after MPNL, but the allodynia returned to the 
control levels 48 after treatment (Fig. 8B). The higher dose of fluorocitrate did not change the mechanical thresh-
old of sham-operated mice (Fig. 8B).

Role of spinal pro-inflammatory cytokines in the genesis of MPNL-induced pain-like behav-
iours. In the last part of this study, the involvement of pro-inflammatory cytokines (TNF and IL-6) in 
MPNL-induced mechanical allodynia was investigated. These two cytokines were chosen because they have been 
implicated in the genesis of neuropathic pain in other models15,16. Firstly, the mRNA expression of these cytokines 
was evaluated in the spinal cord following MPNL based on real-time PCR. There was a time-dependent increase 
in Tnf and Il-6 gene expression after surgery (Fig. 9A,B). Whereas Tnf expression peaked 1 and 3 days after MPNL 
and returned to control levels 5 days after surgery, Il-6 expression was increased from day 3 until day 7, decreas-
ing thereafter (Fig. 9A,B). Supporting these data, TNF and IL-6 protein expression was also up regulated in the 
spinal cord of MPNL mice at 3 days after surgery (Fig. 9C,D). To investigate whether these cytokines are involved 
in the genesis of MPNL-induced pain-like behaviours, MPNL was performed in C57BL/6 (WT), TNFR1/R2−/− 
and IL-6−/− mice. Mechanical allodynia triggered by MPNL was completely abrogated in TNFR1/R2−/− mice 
(Fig. 9E). As further support, the i.t. injection of infliximab (anti-TNF antibody) also reduced MPNL-induced 
mechanical allodynia (Fig. 9F). In addition, mechanical allodynia induced by MPNL was only slightly reduced in 
IL-6−/− compared with WT mice (Fig. 9G).

Discussion
Neuropathic pain is a multidimensional chronic pain condition that is frequently caused by peripheral or cen-
tral nerve injury or disease. These damaged nerves continuously send incorrect signals to the spinal cord and 

Figure 5. ATF-3 immunoreactivity in the spinal cord after MPNL or CCI. At 3 or 7 days after MPNL or 
CCI surgery, spinal cords were harvested and the expression of ATF-3 was evaluated by immunofluorescence. 
ATF-3 was detected exclusively in the nuclei of the ventral horn of the spinal cord of CCI mice. Representative 
images are shown in (A–F). (G) ATF-3 +  neurons visualized (indicated by arrows) in the dorsal horn of the 
spinal cord are also shown at a higher magnification. (H) As a control, the primary antibody was omitted from 
the reaction. Scale bar 250 μ m. (I) The number of ATF-3 +  neurons are also shown. The data are presented as 
the mean ±  S.E.M (n =  4 per group). ***P <  0.001 compared with naive mice. #P <  0.001 compared with MPNL 
mice.
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Figure 6. Pharmacological predictivity of pain-like behaviours after MPNL. At 3 or 14 days after MPNL, 
mice were treated systemically with (A,B) dexamethasone (2 mg/kg; s.c), (C,D) indomethacin (5 mg/kg, i.p), 
(E,F) morphine (5 mg/kg, i.p) or (G,H) gabapentin (100 mg/kg). The withdrawal threshold was measured 
using von Frey filaments after treatment. The data are presented as the mean ±  S.E.M. (n =  5 per group). Time 0 
represents the baseline before pharmacological treatments. ***P <  0.001 and **P <  0.01 to *P <  0.05 indicates a 
statistically significant difference when compared with the vehicle treated group.
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Figure 7. MPNL-induced pain-like behaviours depend on microglial cell activation. The lumbar spinal cord 
samples were collected at indicated times after MPNL. (A) The mRNA for Aif1 (Iba1) and protein expressions 
were measured by RT-PCR (n =  6 per group), (B) western blotting (representative blotting and analyses of n =  4 
per group) or (C) immunofluorescence (representative image in different magnifications, n =  4 per group). Scale 
bars of 500 and 100 μ m. (D–F). The morphological subtypes of microglial cells (D) ramified, (E) hypertrophied 
and (F) amoeboid were quantified. (D) Mice (n =  5 per group) were treated with minocycline (i.t., 3–30 nmol/site) 
or vehicle before and 3 days after MPNL. The withdrawal threshold was assessed daily after surgery (3 h after drug 
administration). Time 0 represents the baseline value before surgery. The data are presented as the mean ±  S.E.M. 
***P <  0.001 and **P <  0.01 to * P <  0.05 indicates a statistically significant difference when compared with the 
sham or vehicle treated group.

Figure 8. MPNL-induced pain-like behaviours depend on astrocyte activation. (A) The lumbar spinal cord 
samples were collected at indicated times after MPNL or sham. The GFAP protein expression was measured 
using western blotting (representative blotting and analyses; n =  4 per group). (B) The mice (n =  5 per group) 
were treated with fluorocitrate (i.t., 1–3 nmol/site) 7 days after MPNL, and the withdrawal threshold was 
assessed before and up to 48 h after fluorocitrate treatment. The data are presented as the mean ±  S.E.M.  
***P <  0.001 and ** P <  0.01 indicates a statistically significant difference when compared with the sham or 
vehicle treated group.
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supraspinal sites, triggering changes in the structure, function and organization within the nervous system. One 
important cause of peripheral neuropathic pain is physical trauma to the peripheral nerves. However, the cellular 
and molecular mechanisms involved in peripheral neuropathic pain are not entirely understood. To better under-
stand the mechanisms involved in peripheral neuropathic pain, in the present study, we developed a novel mouse 
model of this condition by using MPNL. To our knowledge, this is the most distal model of peripheral nerve 
injury described in mice that leads to a phenotype of pain hypersensitivity that might resemble human peripheral 
neuropathic pain syndromes.

One important sensory characteristic/symptom of neuropathic pain conditions is the development of mechan-
ical hypersensitivity, which is clinically described as tactile allodynia17. In this context, it was clearly observed that 
after MPNL, animals developed hypersensitivity to mechanical stimulation. Notably, mechanical hypersensitivity 
was not accompanied by any significant motor impairment even at the earlier time points (one day after surgery). 
This might be an advantage compared with other models of peripheral neuropathic pain in which motor deficits 
can influence the determination of the nociceptive threshold10,18. This hypothesis is supported by our present 
findings in which the MPNL model did not damage motor neurons in the ventral horn of the spinal cord, whereas 
CCI did. In fact, the medial plantar nerve innervates the medial plantar region of the animal paw, which does 
not compromise the muscles responsible for the paw withdrawal reflex. Furthermore, the surgery performed to 
produce MPNL requires a tiny incision and did not involve any injury to muscles that are important for mouse 
gait. In addition, autotomy was not observed after MPNL. Signals of neuropathic pain without significant motor 
neuron damage and motor impairment has been also described in other models of peripheral nerve injury in 
rats19–21. Another important characteristic of the present model of neuropathic pain is the intensity of mechanical 
hypersensitivity developed after MPNL. In contrast with other models of peripheral neuropathic pain, such as 
CCI (Fig. 2), MPNL did not induce a maximal response in the von Frey test, allowing the study of mechanisms 

Figure 9. TNF and IL-6 mediate MPNL-induced pain-like behaviours. The lumbar spinal cord samples were 
collected at indicated times after MPNL. The mRNA or protein for (A,C) Tnf  and (B,D) Il-6 were assessed by 
RT-PCR and ELISA, respectively. The withdrawal threshold response to mechanical stimulation was assessed in 
(C) WT or TNFR1/2−/− mice up to 21 days after MPNL surgery. (E) The mice were treated with infliximab (i.t., 
100 μ g/site) or vehicle before and 24 h after MPNL. The mechanical withdrawal threshold was assessed 24 after 
MPNL and up to 24 h after the second dose of infliximab. (F) The withdrawal threshold response to mechanical 
stimulation was assessed in (C) IL-6−/− mice up to 21 days after surgery. The results are expressed as the 
mean ±  S.E.M. (n =  5 per group). Time 0 represents the baseline value before surgery.  
***P <  0.001 and ** P <  0.01 to * P <  0.05 indicates a statistically significant difference when compared with the 
control groups.
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or drugs that perhaps potentiate this symptom. Finally, from the point of view of the experimenter, MPNL is very 
easy and fast (3–5 min) to perform.

The current understanding of neuropathic pain implies that the pain develops because of neuronal injury or 
diseases22,23. To access whether the MPNL model induces neuronal damage, the expression of ATF3 was analysed. 
ATF3 is a member of the ATF/CREB family of basic leucine zipper (bZip) transcription factors24. It is not con-
stitutively expressed25. However, ATF3 expression can be induced in various tissues undergoing stress or injury 
including sensory neurons. Indeed, its expression in the cell body of primary sensory neurons has been used as 
an indirect marker of neuronal injury26–28. In fact, after a physical injury to the peripheral nerves in several mod-
els of neuropathic pain, ATF3 is upregulated27,28. MPNL induces an increase in ATF3 expression in the DRGs, 
supporting the hypothesis that MPNL might be a real model of neuropathic pain. Interestingly, it seems that the 
most affected neurons in the MPNL model are located in L4 DRG. In addition, it is important to mention that 
compared with CCI, MPNL is less severe in terms of promoting damage to the sensory neurons.

An important feature of a novel model for human diseases is the pharmacological predictivity. The MPNL 
model presents the predictive value to clinical drugs used for the treatment of neuropathic pain. Interestingly, 
MPNL-induced mechanical hypersensitivity was sensitive to classical anti-inflammatory drugs (NSAIDs) and 
opioids (morphine) at an earlier time point (3 days after surgery), suggesting an important inflammatory compo-
nent in the induction phase. However, at later time points, only gabapentin exhibited a significant anti-nociceptive 
effect, which is similar to that observed when the neuropathic pain develops in human patients29,30. In fact, 
NSAIDs and steroidal anti-inflammatory drugs are poorly effective or even ineffective at alleviating neuro-
pathic pain in humans or animal models of neuropathic pain31,32. In addition, in a recent systematic review and 
meta-analysis of pharmacological treatment of neuropathic pain, gabapentin was shown to be one of the first-line 
drugs29. These results indicate that MPNL is a predictive model for drugs that could act against neuropathic pain.

Neuropathic pain is a result of neuroplasticity across the nociceptive system33–36. Both peripheral and central 
sensitization are observed37,38. In addition to intrinsic neural mechanisms, there is a growing recognition of the 
importance of non-neuronal cells, especially glial cells, in the genesis and maintenance of chronic pain39 suggest-
ing that these cells may be a new target for drug development3,40,41. Supporting this hypothesis is the finding that 
after MPNL surgery, there is a significant activation of microglial cells and astrocytes at the level of the spinal 
cord. The relevance of glial cell activation in MPNL-induced neuropathic pain behaviours was confirmed with the 
treatment of mice with glial cell inhibitors, as demonstrated in other models of neuropathic pain, such as spared 
nerve injury (SNI) and chronic constriction injury (CCI) models42,43. The mechanisms by which spinal glial cells 
mediate neuropathic pain seem to be dependent on their ability to produce cytokines, such as TNF and IL-644–46. 
The expression of these cytokines is increased in the spinal cord after peripheral nerve injury47–49. Moreover, they 
are intimately involved in the maintenance of neuropathic pain by altering nociceptive transmission in the spinal 
cord15,16,50. Similar results were obtained in the spinal cord of mice that underwent MPNL, which presented a 
time-dependent increase in the expression of TNF and IL-6. Interestingly, TNFR1/2−/− mice are totally protected 
from MPNL-induced mechanical hypersensitivity, suggesting that TNF plays an essential role in the induction 
and maintenance of MPLN-induced neuropathic pain. Although these results indicate that the spinal production 
of TNF mediates MPNL-induced neuropathic pain-like behaviours, using fully deficient mice, we cannot exclude 
that the TNF produced at the level of neuronal injury might play a role. In fact, there is an increase in the TNF 
levels at the site of peripheral nerve injury51,52. Supporting that spinal TNF mediates MPNL-induced pain hyper-
sensitivity, intrathecal anti-TNF antibody treatment reduced this symptom. Strikingly, the efficacy of anti-TNF 
antibody i.t. treatment was reduced 24 h after the end of the treatment. This effect is likely due to the pharma-
cokinetics of the antibody when it is injected through the intrathecal route because it could diffuse through the 
cerebrospinal fluid. Regarding IL-6, it seems to be less relevant for neuropathic pain development after MPNL. 
Notably, although TNF and IL-6 were used to validate the molecular mechanisms involved in MPNL-induced 
neuropathic pain, we cannot rule out the participation of the other cytokines in this proposed model53.

In summary, we have shown that the MPNL model has features of peripheral neuropathy that mimic carpal/
tarsal tunnel painful syndrome. Furthermore, we emphasize its advantages because it requires less invasive and 
complex surgery to induce, produces milder mechanical hypersensitivity, does not cause motor impairment, and 
mice have a quick recovery after surgery. Furthermore, its present pharmacological predictive value to analgesics 
is clinically useful. Finally, the proposed model has pathophysiological characteristics (molecular and cellular) 
that are similar to other peripheral neuropathic pain models. In conclusion, we suggest that MPNL might be a 
very suitable model for understanding the pathophysiological mechanisms of peripheral neuropathic pain and 
for testing novel analgesic compounds.

Materials and Methods
Animals. The experiments were performed in C57BL/6 male mice (wild type, WT, 20–25 g) and mice defi-
cient (−/−) for the following proteins: TNF receptor type 1 and 2 (TNFR1/2−/−) and IL-6−/−. All animals were 
housed in the animal care facility of Ribeirao Preto Medical School, University of Sao Paulo. Animals were taken 
to the testing room at least 1 hour before the experiments and were used only once. Food and water were available 
ad libitum. The animal care and handling procedures were in accordance with the International Association for 
the Study of Pain guidelines for those animals used in pain research, and they were approved by the Committee 
for Ethics in Animal Research of the Ribeirao Preto Medical School-USP (Process n° 128/2011).

Neuropathic pain models. MPNL model. Under isoflurane anaesthesia (1.5% in oxygen), the skin on the 
medial surface of the ankle was incised (0.5 cm) to expose the medial plantar nerve. After dissection, one liga-
tion of this nerve was performed with 4–0 catgut suture (Ethicon, São Paulo, Brazil). The ligation stayed tightly 
bound to the nerve without throttling due to the feature of the wire used in the process. Then, 4–0 silk suture was 
used to join the two edges of the incision (Fig. 1). The sham (control) group procedure involved an incision of 
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approximately 0.5 cm in the medial ankle region of the mice, exposing the medial plantar nerve. However, in this 
group, the medial plantar nerve was not manipulated.

CCI model. Mice were anaesthetized with isoflurane (1.5% in oxygen) followed by trichotomy in the surgical 
area. CCI was created as previously described10. Briefly, the right sciatic nerve was exposed at the mid-thigh level, 
and four ligatures with 4–0 catgut suture (Ethicon, São Paulo, Brazil) were loosely tied around the nerve just 
proximal to the trifurcation. For the sham-operation controls, the mice underwent the same procedure without 
constriction of the nerve.

Compounds. The following compounds were used in this study: minocycline (Sigma, #M9511, St. Louis, MO, 
USA), fluorocitrate (Sigma, #F9634 St. Louis, MO, USA), indomethacin (Sigma, #I7378, St. Louis, MO, USA), 
dexamethasone (Sigma, #D1159, St. Louis, MO, USA), gabapentin (Tocris Bioscience, #0806, Bristol, United 
Kingdom), morphine (Cristália, São Paulo, Brazil), and infliximab (Schering-Plough, São Paulo, Brazil).

Drug Administration. Intraperitoneal (i.p.): the drugs were injected into the ventral portion of the mouse close 
to the abdominal midline using a 1 mL syringe with a needle length of 2.5 cm and a gauge of 0.7 cm.

Intrathecal (i.t.): under isoflurane anaesthesia (1.5% in oxygen), trichotomy was performed in the mice dorsal 
region. Using a 30 unit insulin syringe (BD Ultra Fine TM II), the drugs were administered (5 μ L) between the 
L4 and L5 vertebrae. The animal’s tail reflex findings were expected to confirm the correct performance of the 
procedure54.

Nociceptive Test. Animals were placed on an elevated wire grid, and the plantar surfaces of their hind paws were 
stimulated with a series of ascending force von Frey monofilaments. Mice were first habituated to the experimen-
tal environment (room and apparatus) for a period of at least 30 minutes. Mechanical allodynia was accessed by 
measuring the paw withdrawal threshold taken as the lowest force that evoked a brisk withdrawal response to one 
of five repetitive stimuli. Briefly, a logarithmic series of 10 calibrated monofilaments (von Frey hairs) was applied 
to the right hind paws to determine the stimulus intensity threshold stiffness required to elicit a paw withdrawal 
response. The log stiffness of the hairs is determined by log10 (milligrams) and ranged from 0.903 (8 mg or 
0.008 g) to 3.0 (1000 mg or 1 g). The mechanical threshold is represented as previously described55,56. An investi-
gator who was blinded to the group allocation performed all of the behaviour experiments.

Rota-rod Test. The rotarod test was performed to check each animal’s motor coordination. The animals were 
placed on a rotating roller (20 rpm, initially). After 1 min, the roll speed was increased to a maximum of 36 rpm 
within 90 seconds. The residence time of each animal in the apparatus was measured by a maximum of 2 minutes. 
The test was performed three times for each animal with intervals of 20 minutes. The animals were acclimated one 
day before the experiment.

Western Blotting. The dissection and collection of spinal cord tissue from a region that included lumbar seg-
ments (L3–L6) and peripheral dorsal root ganglia (segments L3, L4, L5 and L6) ipsilateral to the nerve injury were 
performed. The tissue was homogenized and lysed in RIPA buffer (Sigma, #R0278, St. Louis, MO, USA) and pro-
tease inhibitor (Protease Inhibitor Cocktail Tablets - Roche Diagnostics, #04693116001, São Paulo, Brazil). The 
homogenate was centrifuged at 15,000 g for 10 minutes at 4 °C. An aliquot of the supernatant was separated for 
the determination of the protein concentration using the Coomassie colorimetric method (Bradford Reagent –  
Thermo Scientific, Rockford, IL, USA).

The protein samples were separated by electrophoresis on an SDS-PAGE acrylamide gel (gradient 4% to 20%) 
and transferred to nitrocellulose membranes. The incubation consisted of one hour at room temperature with 
blocking solution containing 5% blocking agent (GE Healthcare Life Science, Pittsburgh, PA, USA) dissolved 
in Tris-Buffered Saline - 10% Tween 20 (TBS-T), followed by incubation with primary antibodies anti-GFAP, 
1:30000 (Merck Millipore, # AB5541, Darmstadt, Germany), anti-Iba1, 1:400 (Wako Chemicals, # 019–19741, 
Osaka, Japan) and anti-ATF-3, 1:400 (Santa Cruz Biotechnology, # sc-188, CA, USA) overnight at 4 °C in 
TBS-T/5% bovine serum albumin (BSA). Then, the membranes were washed in TBS-T 3 times over 5 minutes 
and were incubated for one hour with secondary antibodies conjugated with peroxidase at 1:5000 in 5% blocking 
agent (GE Healthcare Life Science, # RPN2125, São Paulo, Brazil) dissolved in TBS-T. The membranes were incu-
bated with HRP Substrate LuminataTM Fort Western (Millipore, # WBLUF0500, São Paulo, Brazil) and were then 
revealed, as indicated by the manufacturer. Image capture was performed with a Quemi TM-Doc XRS apparatus 
as directed by the manufacturer. The densitometric data were measured following normalization to the control 
using Scientific Imaging Systems (Image labTM 3.0 software, Biorad Laboratories, Hercules CA).

Real-time RT-PCR. After collection of tissue from the region that included the lumbar segments (L4–L6) of 
the spinal cord ipsilateral to the lesion, tissues were rapidly homogenized in TRIzol reagent (Invitrogen Life 
Technologies Corporation, Carlsbad, California, USA), and 0.2 mL of chloroform was added to the samples, 
which were shaken. The suspension was centrifuged for 13000 g at 4 °C for 15 min. The aqueous phase was trans-
ferred to a fresh tube to which 0.75 mL of isopropanol was added. After mixing, the samples were incubated for 
2 hours at − 20 °C. The samples were centrifuged for 15 min at 13000 g (4 °C). The RNA precipitate was washed 
with 0.5 mL of ethanol, and the preparation was suspended in 20 μ L of PCR-grade H2O. RNA concentrations were 
determined by optical density at a wavelength of 260 nm with the NanoVue ®  apparatus (GE Healthcare). One 
microgram of total RNA was transcribed into cDNA by reverse transcriptase enzyme action Improm Pre-II ®  
(Promega, Madison, Wisconsin, USA). Quantitative RT-PCR in real time was performed on an ABI Prism ®  7500 
Sequence Detection System (Applied Biosystems) using SYBR-green System Fluorescence (Applied Biosystems, 
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Warrington, UK) for quantification during amplification. RT-PCR was performed with a final reaction volume 
of 6.25 μ L; RT-PCR was initially kept at 95 °C (10 min), followed by 40 cycles of 94 °C (1 min), 56 °C (1 min) and 
72 °C (2 min). The melting curve was analysed (65–95 °C) to verify that only one product was amplified. Samples 
with more than one peak were excluded. The results were analysed using the method of quantitative relative 
expression 2−ΔΔCt 57.

The primer sequences were as follows in Table 1:
Immunofluorescence staining and analyses. The animals were deeply anesthetized with ketamine and xylazine 

(2:1) and perfused through the ascending aorta with PBS, followed by 4% paraformaldehyde. Spinal cord sections 
(60 μ m, free-floating technic) and DRG sections (10 μ m, one the glass technic) were obtained using a cryostat. The 
spinal cord sections were washed in PBS (0.01 M, pH 7.4) 3 times over 5 minutes and incubated in 5% normal goat 
serum and 1% BSA dissolved in PBS with 0.1% Triton X100 (PBS-T) for 1 hour. Subsequently, the sections were 
washed in PBS-T (0.01 M, pH 7.4) 3 times over 5 minutes and then subjected to immunofluorescence staining 
with overnight incubation at 4 °C with polyclonal anti-Iba1 (1:1000; Wako Chemicals, Osaka, Japan) or rabbit 
polyclonal anti-ATF3 (1:500; Santa Cruz Biotechnology, # sc-188, CA, USA). After incubation with the primary 
antibodies, the sections were washed in PBS-T 3 times over 5 minutes and incubated at room temperature for 
2 hours with Alexa Fluor 488® goat anti-rabbit IgG (Molecular Probes, Molecular Probes, Carlsbad, CA, USA). 
The sections were washed with PBS-T as described earlier, mounted on glass slides with FluoromountTM Aqueous 
Mounting Medium (Sigma, St. Louis, MO, USA), and then covered with cover slips. The DRG sections were fixed 
on slides and subsequently immersed in TBS and 50%, 70% and 50% ethanol solutions for 10 minutes each to 
increase the permeability. Then, the slides were washed in TBS 3 times over 10 minutes, and the blocking step 
was performed with 5% normal goat serum (NGS) in TBS for 60 minutes at room temperature. Subsequently, the 
slides were subjected to immunofluorescence staining with an overnight primary antibody incubation at 4 °C 
with rabbit polyclonal anti-ATF3 (1:500, Santa Cruz Biotechnology, # sc-188, CA, USA) antibody diluted in 5% 
NGS. As a control, primary antibodies were omitted from the reaction. They were washed in TBS 4 times over 
5 min, incubated at room temperature for 60 min with Alexa Fluor 488® goat anti-rabbit IgG (Molecular Probes, 
Carlsbad, CA, USA) diluted in 5% NGS in TBS. The slides were washed in TBS 4 times over 5 minutes and further 
covered with a coverslip as described above. A confocal microscope (SP5, Leica, Wetzlar, Germany) was used to 
visualize and capture Iba1 and ATF-3 staining sections in the DRG and spinal cord under the same light condi-
tions. For the quantitative analysis, at least five slices from the spinal cords and at least five from the DRGs from 
each mouse were used for the Iba1 and ATF-3 immunoreactive quantification. The percentage of ATF3-labeled 
neurons in the DRGs was calculated by dividing the number of ATF3+  neurons by the total number of neurons 
counted×  100. In the spinal cord, the number of ATF-3+  neurons per slices was quantified.

Microglia were classified as previously described58. In brief, ramified microglia were classified as having a nor-
mal pattern, with fine, mild and radially projecting processes. Hypertrophied microglia were defined as having an 
enlarged and dimmed cell body with denser, shorter and lesser projecting processes. Finally, amoeboid microglia 
were defined as densely stained and having enlarged soma with very few or no processes, which was usually 
accompanied with the presence of filopodia. The percentage of a specific morphological type was accessed by 
calculating the ratio of the total cell type morphology to the total number of microglial cells observed in the field.

Cytokine measurement. Mice were terminally anaesthetized with ketamine and xylazine (2:1) and perfused 
through the ascending aorta with PBS at specific time points after MPNL induction. After the collection of tis-
sue from the region including lumbar segments (L4–L6) of the spinal cord ipsilateral to the lesion, these tissues 
were rapidly homogenized in 150 μ l of buffer containing protease inhibitors. TNFα  and IL-6 concentrations were 
determined by ELISA using commercial kits (DuoSet; R&D Systems, Minneapolis, MN, USA) and paired anti-
bodies as instructed by the manufacturer.

Data analysis and statistics. All the results are presented as the means ±  S.E.M. For the behaviour tests, we used 
5 mice/group, and the results are representative of 2 independent experiments. For western blotting, immunoflu-
orescence and ELISA assays, we used 4 mice/group, whereas for the PCR assays, we used 6 mice/group. Two-way 
analysis of variance (ANOVA) was used to compare groups and doses at all time points (curves) when the nocic-
eptive responses were measured at different time points after the stimulus injection. The factors analysed were the 
treatments, time and time by treatment interactions. When there was a significant time by treatment interaction; 
one-way ANOVA followed by Bonferroni’s t test was performed for each time point. Alternatively, when the 
hypernociceptive responses were measured once after the stimulus injection, the differences between responses 
were evaluated by one-way ANOVA followed by Tukey’s t test. P <  0.05 was considered as significant.

Gene name Forward sequence Reverse sequence

GAPDH 5′ -GGGTGTGAACCACGAAGAAAT 5′ -CCTTCCACAATGCCAAAGTT

TNF-α 5′ -AGGGATGAGAAGTTCCCAATG 5′ -GGCTTGTCACTCGAATTTTGAGA

IL-6 5′ -TTCCTACCCCAATTTCCAAT 5′ -CCTTCTGTACTCCCAGCTTATC

GFAP 5′ -AGGGCGAAGAAAACCGCATCACC 5′ -TCTAAGGGAGAGCTGGCAGGGCT

Aif1 5′ -TGAGGAGCCATGAGCCAAAG 5′ -GCTTCAAGTTTGGACGGCAG

Table 1.   Primers used for real-time PCR.
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