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Abstract  
 
Most animal models of neuropathic pain use targeted nerve injuries quantified with motor reflexive 
measures in response to an applied noxious stimulus. These motor reflexive measures can only 
accurately represent a pain response if motor function in also intact. The commonly used spared 
nerve injury (SNI) model, however, damages the tibial and common peroneal nerves that should 
result in motor phenotypes (i.e., an immobile or “flail” foot) not typically captured in sensory 
assays. To test the extent of these issues, we used DeepLabCut, a deep learning-based 
markerless pose estimation tool to quantify spontaneous limb position in C57BL/6J mice during 
tail suspension following either SNI or sham surgery. Using this granular detail, we identified the 
expected flail foot-like impairment, but we also found SNI mice hold their injured limb closer to the 
body midline compared to shams. These phenotypes were not present in the Complete Freunds 
Adjuvant model of inflammatory pain and were not reversed by multiple analgesics with different 
mechanisms of action, suggesting these SNI-specific phenotypes are not directly related to pain. 
Together these results suggest SNI causes previously undescribed phenotypes unrelated to 
altered sensation that are likely underappreciated while interpreting preclinical pain research 
outcomes.  
 
Introduction  
 
Preclinical pain studies have not always translated into efficacious human therapeutics1. 
Considering this shortfall, it is critical that we deeply evaluate the validity of common neuropathic 
pain models to improve our interpretations of these studies and their implications. The spared 
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nerve injury (SNI) model is widely used to model neuropathic pain in rodents due to its resulting 
robust and prolonged mechanical hypersensitivity2–10. Despite its common use, however, SNI has 
several limitations including gait changes that may not be pain-related and potential lack of direct 
clinical validity8,11. It is additionally notable that the SNI injury (tibial and personal nerve ligation) 
should clinically cause a flail-foot deformity, or absence of the ability to dorsiflex or plantarflex at 
the ankle. This motor symptom, if seen in the SNI model, would significantly limit the ability to 
interpret some sensory assays (e.g., voluntary hindpaw withdrawal assays). Here we use 
DeepLabCut, a deep learning tool used to mark body position and tracking movements to quantify 
variability in limb movement of injured and non-injured hindlimbs12. We readily identified a flail 
foot-like presentation, but also observed an unexpected postural phenotype we subsequently 
found to be unrelated to both flail foot and mechanical hypersensitivity. These newly observed 
phenotypes may affect the response to sensory assays are important to identify and distinguish 
from pain responses to ensure the ongoing value of the SNI model for assessing neuropathic pain 
in mice. 
 
 
Materials and Methods 
 
Animals 
All experiments and procedures were approved by the Animal Care and Use Committee of 
Washington University School of Medicine in accordance with National Institutes of Health 
guidelines. Adult male and female C57BL/6J mice were used from age 8-15 weeks. All mice were 
group-housed, given ad libitum access to standard laboratory chow (PicoLab Rodent Diet 20, 
LabDiet, St. Louis, MO, USA) and water, and maintained on a 12:12-hour light/dark cycle (lights 
on at 7:00 AM). Experimenters were blinded to mouse conditions including sex and injury status 
during experimental data collection and analysis. 
 
Spared Nerve Injury (SNI) 
The surgical procedure for the SNI-induced model of neuropathic pain was performed as 
described previously4,10. Mice were anesthetized with 3% isoflurane and right hind limb shaved 
and disinfected with 75% ethanol and betadine. A 10-15 mm incision was made in the skin 
proximal to the knee to expose and separate the biceps femoris muscle. The common peroneal 
and tibial branches were ligated with 6-0 silk suture (Ethicon Inc., Raritan, NJ, USA) and 1 mm of 
nerve was excised distal to the ligature, leaving the sural branch intact. Following wound closure 
mice recovered on a 43°C table prior to returning to their home cage. Sham surgeries were 
identical to the SNI procedure without the ligation, excision, and severing of the peroneal and 
tibial branches. Behavioral testing began on post-operative day 7 and wound clips were removed 
from the healed incision after testing was completed on post-operative day 7.  
 
Complete Freund’s Adjuvant (CFA) 
Mice were intraplantarly injected with resuspended 100 µl of CFA (Thermo Fischer Scientific, 
Waltham, MA, USA) or 0.9% saline with a 26 gauged needle coupled to a 1 mL syringe as 
described previously13. Behavioral testing on these animals began on post-injection day 1.  
 
Mechanical sensitivity (von Frey) 
Mice were acclimated for 2 hours on an elevated wire mesh grid in 5-inch diameter plexiglass 
cylinders wrapped in black opaque plastic sheets. Mechanical hypersensitivity was determined 
by applying von Frey filaments (0.02 g to 3.5 g; Bioseb, Pinellas Park, FL,USA) to the lateral 
aspect of the hindpaw14 using the up-down method and 50% withdrawal threshold was calculated 
as described previously10,15.  
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Tail Suspension 
Mice were suspended by their tail for 1 minute with a clear plastic cylinder placed at the tail base 
to avoid tail climbing behavior16. Videos of tail suspension were taken at 120 frames per second 
using Google Pixel 3 (Google, Mountain View, CA, USA) smartphones. Tail suspension was 
performed immediately after von Frey testing on days without pharmacological interventions. 
When pharmacological interventions were used, von Frey and tail suspension data were taken 
on separate days; tail suspension first with at least two days of drug/vehicle washout in between 
treatments.  
 
Pose estimation during tail suspension 
DeepLabCut (version 2.1.1) was used to track the following points for each mouse in two-
dimensional space: tailbase, trunk midpoint at the plastic cylinder base, right and left hindpaw 
heel, and right and left hindpaw middle toes. Using k-means-based extraction, 20 frames were 
extracted from a subset of 56 tail suspension videos taken from different experimental days, 
experimental cohorts, and sexes. The above points were manually labeled on these 1,120 frames 
and then used to train a ResNet-50-based neural network for 1,030,000 training iterations to 
achieve a train error less than 3 pixels and a test error less than 8 pixels (frame size 1920x1080 
pixels, ~7 pixels/mm). The trained model was assessed for accuracy by visually checking 3 
videos. A p-cutoff of 0.9 was used to condition the X,Y coordinates of each video for further 
analysis. 
 
Median foot movement and distance from the mouse trunk midline were calculated using the 
above tracked two-dimensional coordinates and code custom written in MATLAB (R2021, The 
MathWorks, Inc). These metrics were: median distance moved of the right and left hindpaw heel 
relative to the mouse tailbase over the course of the 1 minute tail suspension video, median 
distance moved of the right and left hindpaw middle toe relative to the mouse tailbase, median 
distance moved of the right and left hindpaw toe relative to the ipsilateral hindpaw heel, median 
distance of the right and left hindpaw heels to the mouse midline (distance perpendicular to a line 
drawn between the mouse tailbase and trunk midpoint), and median distance of right and left 
hindpaw toes to mouse midline. Given natural variation in mouse size, especially by sex, these 
distances are all presented as ratios relative to foot length.  
 
Drugs 
Fenobam (30 mg/kg, i.p.; HelloBio, Princeton, NJ, USA) was dissolved in 100% dimethyl sulfoxide 
on the day of experiment in volumes of 20 µl7. Behavioral experiments were conducted 5 minutes 
post-Fenobam injection. Gabapentin (30 mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO, USA) was 
dissolved in 0.9% saline on the day of experiment. Gabapentin was injected i.p. 1 hour prior to 
behavioral testing8. Metformin (LKT Laboratories, St. Paul, MN, USA) and dissolved in 0.9% 
saline freshly for each use. Metformin was injected at 200 mg/kg daily for 7 consecutive days 
between 10am-1pm5. Behavioral experiments were conducted at least 24 hours after the last 
metformin injection. Carprofen (Zoetis, Kalamazoo, MI, USA) was administered i.p.,1 hour prior 
to behavioral testing at 50 mg/kg.  
 
 
Statistical Analysis 
 
All data are expressed as mean ± SEM. Differences between normally distributed groups were 
determined using mixed-effects two-way ANOVA analysis followed by posthoc Sidak’s 
comparison when the main effect was significant (p < 0.05). Statistical analyses were conducted 
using Prism 8.2 (GraphPad).  
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Data availability: All data presented in this manuscript is available in Supplemental Table 1. 
 
Results 
 
Objective quantification using deep learning following SNI induced long-term mechanical 
hypersensitivity 
 
The SNI model of neuropathic pain has been shown to reliably induce ipsilateral mechanical 
hypersensitivity2–10. Here, we performed SNI or sham surgeries and used the von Frey assay to 
quantify mechanical withdrawal thresholds (Fig. 1A&B). As expected, SNI induced ipsilateral 
hindpaw mechanical hypersensitivity. Similar assessment of the contralateral hindpaw showed a 
gradual decrease in mechanical withdrawal threshold in SNI mice during week four that returned 
to baseline by week six. (Fig. 1C). Each week, we briefly suspended the animals by the tail to 
enable quantification of hind limb positions using DeepLabCut. To quantify postural changes in 
mice, we suspended mice by their tail and recorded the ventral portion of the body for 1 minute 
at 120 frames/sec (Fig. 1D). K-means extraction was used to extract a subset of frames (Fig. 1E) 
which were then manually labelled for body parts of interest for each hindlimb (Fig. 1F). From 
these labelled frames, we trained a neural network to identify body postural points (Fig. 1G). 
Lastly, we used spatial coordinates provided by our previously trained neural network to calculate 
limb position metrics across all frames (Fig. 1H).  
 
SNI decreases contralateral limb movement and causes flail foot-like phenotype 
 
To determine whether SNI causes the predicted flail foot phenomenon, we focused on toe and 
heel movement changes relative to body midline and toe movement relative to the heel.  
Quantifying toe movement relative to the body midline showed that SNI decreased overall toe 
and heel movement in the contralateral, but not ipsilateral hindlimb for the duration of the injury 
(Supplementary Fig. 1A-F), perhaps suggesting a compensatory motor coordination 
phenomenon in the uninjured limb following SNI. As would be expected with flail foot (decreased 
movement at the ankle), SNI decreased toe movement relative to the heel in the ipsilateral injured 
hindlimb but also in the contralateral hindlimb (Fig. 2A-C) again suggesting compensatory SNI-
induced movement changes in the contralateral limb. This decreased toe movement emerges 
within a week of SNI, but unlike the mechanical hypersensitivity (Fig. 1C), appears to resolve 
after six weeks. Given the presence of these previously uncharacterized postural phenotypes, we 
next assessed for other latent postural phenotypes in the SNI model. 
  
SNI decreases the distance between the injured limb and body midline 
 
To determine whether SNI causes other postural changes, we next quantified the distance 
between heel and midline in sham and SNI mice (Fig. 2D). We found SNI did not significantly 
change heel to midline distance on the contralateral limb (Fig. 2E). However, we found a 
significant decrease in distance between heel and midline on the ipsilateral injured limb across all 
six weeks of tail suspension testing (Fig. 2F). Similarly, we found no significant effect of SNI on 
contralateral toe position relative to midline (Fig. 2G&H). However, SNI decreased the distance 
of the ipsilateral toes to midline in a sex-dependent manner. Specifically, male mice significantly 
decreased the distance between toes and body midline across all six weeks, but female mice did 
not develop this same decrease in distance between toes and body midline until week four of tail 
suspension testing (Fig. 2I). This suggests the temporal impact of SNI differs between males and 
females, in line with what others have seen in other behavioral paradigms6,17–19. Importantly, this 
was the only sex difference we found throughout this entire study. We next used 15 second bins 
to determine if the full duration of the recording was necessary. Here, while the distance from 
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midline is not affected during baseline, animals do hold their limbs closer to midline in the first 15 
seconds at week one and all subsequent bins through the following weeks (Supplementary Fig. 
2). Together, SNI stably decreases overall distance between the injured limb and body midline 
for at least six weeks following injury.  
 
 
Acute inflammatory injury does not decrease distance between injured limb position and body 
midline 
 
Upon manual observation of the DeepLabCut-tracked video files, we noted that many SNI animals 
appeared to be performing a guarding-like behavior (Supplementary Fig. 3). To determine 
whether this limb position reflected guarding, we used the Complete Freund’s Adjuvant (CFA) 
model of inflammatory hindpaw pain known to cause guarding in rodents20. We reasoned that this 
approach would allow us to simultaneously determine the selectivity of this phenotype for SNI 
compared to a completely different pain model as well as provide insight into the relationship to 
guarding. CFA decreased mechanical withdrawal threshold using the Von Frey assay (Fig. 3A-
C) which was reversed using the non-steroidal anti-inflammatory carprofen (Fig. 3C). To 
determine whether SNI-induced changes to limb position were specific to that injury, we quantified 
the distance between heel and midline in mice with an acute inflammatory injury. Unlike SNI, CFA 
did not alter heel to midline distance or toe position for either the non-injured or injured limbs (Fig. 
3D-I). This suggests the decrease in injured limb position relative to body midline effect we show 
in Fig. 2 is specific to SNI and does not reflect a broad form of injury guarding.  
 
 
Analgesic treatment does not prevent SNI-induced decreased distance between injured limb and 
body midline 
 
If this SNI-decreased distance between injured limb and body midline is a pain-related phenotype 
an analgesic should reverse its course. To test this hypothesis, we administered several clinically-
used or preclinically tested analgesics known to reverse SNI-induced mechanical 
hypersensitivity5,7,8. We first chose the anticonvulsant gabapentin as it has previously reversed 
both SNI-induced mechanical hypersensitivity as well as gait-related phenotypes 
(Supplementary Fig. 4A-C)8. Gabapentin (30 mg/kg i.p.) did not blunt the SNI-induced 
decreased distance between the injured limb and body (Supplementary Fig. 4D-I), but 
significantly decrease movement across all measures and limbs during gabapentin treatment 
(Supplementary Fig. 5) suggesting potential gabapentin-induced sedation. In the next cohort we 
tested different analgesics with differential mechanisms of action including the metabotropic 
glutamate receptor negative allosteric modulator, fenobam (30 mg/mg i.p.)7, the AMP-activated 
protein kinase activator metformin (seven consecutive days of 200 mg/kg i.p.)5, and we re-tested 
gabapentin interleaved with vehicle treatments (Fig. 4A). We found fenobam, gabapentin, and 
metformin administration all had no effect on mechanical thresholds for the non-injured limb, but 
each reversed SNI-induced mechanical hypersensitivity in the injured hind limb (Fig. 4B). Despite 
this reversal, none of the analgesic treatments altered non-injured or injured limb position (Fig. 
4C-H) or the relative movements of this body parts representing the flail foot-like observation 
(Supplementary Fig. 6A-I). Together, this data suggests the newly observed decrease in heel to 
midline distance likely does not represent a pain-related behavioral phenotype.  
 
Discussion 
 
We conducted an in-depth investigation into SNI-associated postures that identified a flail foot-
like phenotype consistent with human tibial/peroneal paralysis as well as an unexpected decrease 
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in injured limb distance from body midline. These neuropathic injury-specific postural changes 
help guide the interpretation of preclinical pain studies. One recent study has identified 
proprioceptive deficits in Nav1.1 null mice that resulted in postural phenotype like the changes 
identified in SNI mice in our study21. Voltage-gated sodium channels play a critical role in the 
transmission of pain signals and Nav1.1 has been associated with paroxysmal extreme pain 
disorder (PEPD)22. Future work should investigate the association between Nav1.1 and the 
neuropathic pain-specific postural changes shown here. This study was performed entirely with 
postural information during tail suspension, further identification of potential proprioceptive 
abnormalities in freely moving SNI mice will help extend our understanding of these implications. 
Previously these types of analyses have been hindered by a lack of reliable tools. However, recent 
advances in animal tracking will likely aid in overcoming this hurdle23–30. Furthermore, while 
relevant to the injury, the change in position of the animal could be exacerbated by acute changes 
in sympathetic tone to redistribute blood flow due to being held upside down. To determine 
whether the observed postural changes were specific to neuropathic injury, we used the CFA 
inflammatory model as a positive control for guarding. These results suggested specificity of 
postural changes to SNI, but it will be important to compare to other nerve injury models to better 
differentiate behavioral states specific to each injury. Altogether, this work highlights a need to 
better understand the nuances of preclinical models of complex human pain syndromes.             
 
Acknowledgements 
We thank the other members of the Al-Hasani and McCall labs for helpful feedback on this project. 
This work was financially supported by the National Institutes of Health (R01NS117899, J.G.M.; 
F31NS124301, M.R.N.; K08NS117850, B.R.A), and the Rita Allen Foundation (J.G.M.) with 
added financial help from the Open Philanthropy Project (J.G.M.).  We would like to acknowledge 
biorender.com for figure cartoons.  
 
Author contributions 
M.R.N, B.R.A, and J.G.M. conceived the project and designed the detailed experimental 
protocols. M.R.N. and S.S.D. performed the mouse experiments. M.R.N., S.S.D, B.R.A., and 
J.G.M. performed the investigation and analyzed the data. M.R.N, B.R.A, and J.G.M wrote the 
paper. M.R.N, S.S.D., B.R.A, and J.G.M edited the paper. M.R.N, B.R.A, and J.G.M. acquired 
funding. J.G.M. provided research supervision and overall project administration. All authors 
discussed the results and contributed to revision of the manuscript. 
 
Conflict of Interest 
The authors declare no conflicts of interest. 
 
References 
 
1. Berge OG. Predictive validity of behavioural animal models for chronic pain. British Journal of 

Pharmacology. 2011;164(4):1195-1206. doi:10.1111/j.1476-5381.2011.01300.x 

2. Shields SD, Eckert WA, Basbaum AI. Spared Nerve Injury Model of Neuropathic Pain in the 
Mouse: A Behavioral and Anatomic Analysis. Journal of Pain. 2003;4(8):465-470. 
doi:10.1067/S1526-5900(03)00781-8 

3. Decosterd I, Woolf CJ. Spared nerve injury: an animal model of persistent peripheral 
neuropathic pain. Pain. 2000;87(2):149-158. doi:10.1016/S0304-3959(00)00276-1 

4. Cichon J, Sun L, Yang G. Spared Nerve Injury Model of Neuropathic Pain in Mice. Bio-
Protocol. 2018;8(6):1-7. doi:10.21769/bioprotoc.2777 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 9, 2023. ; https://doi.org/10.1101/2023.07.07.548155doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.07.548155
http://creativecommons.org/licenses/by-nc-nd/4.0/


5. Inyang KE, Szabo-Pardi T, Wentworth E, et al. The antidiabetic drug metformin prevents and 
reverses neuropathic pain and spinal cord microglial activation in male but not female mice. 
Pharmacological Research. 2019;139:1-16. doi:10.1016/j.phrs.2018.10.027 

6. Paige C, Plasencia-Fernandez I, Kume M, et al. A Female-Specific Role for Calcitonin Gene-
Related Peptide (CGRP) in Rodent Pain Models. J Neurosci. 2022;42(10):1930-1944. 
doi:10.1523/JNEUROSCI.1137-21.2022 

7. Montana MC, Conrardy BA, Cavallone LF, et al. Metabotropic Glutamate Receptor 5 
Antagonism with Fenobam: Examination of Analgesic Tolerance and Side Effect Profile in 
Mice. Anesthesiology. 2011;115(6):1239-1250. 
doi:10.1097/ALN.0b013e318238c051.Metabotropic 

8. Shepherd AJ, Mohapatra DP. Pharmacological validation of voluntary gait and mechanical 
sensitivity assays associated with inflammatory and neuropathic pain in mice. 
Neuropharmacology. 2018;130:18-29. doi:10.1016/j.neuropharm.2017.11.036 

9. Muralidharan A, Sotocinal SG, Austin JS, Mogil JS. The influence of aging and duration of 
nerve injury on the antiallodynic efficacy of analgesics in laboratory mice. Pain Rep. 
2020;5(3):e824. doi:10.1097/PR9.0000000000000824 

10. Norris MR, Bilbily J, Becker LJ, et al. Neuropathic injury drives a generalized negative 
affective state in mice. bioRxiv. Published online 2022. 

11. Sheahan TD, Siuda ER, Bruchas MR, et al. Inflammation and nerve injury minimally affect 
mouse voluntary behaviors proposed as indicators of pain. Neurobiology of Pain. 2017;2:1-
12. doi:10.1016/j.ynpai.2017.09.001 

12. Mathis A, Mamidanna P, Cury KM, et al. DeepLabCut: markerless pose estimation of user-
defined body parts with deep learning. Nature Neuroscience. 2018;21(9):1281-1289. 
doi:10.1038/s41593-018-0209-y 

13. Massaly N, Copits BA, Wilson-Poe AR, et al. Pain-Induced Negative Affect Is Mediated via 
Recruitment of The Nucleus Accumbens Kappa Opioid System. Neuron. 2019;102(3):564-
573.e6. doi:10.1016/j.neuron.2019.02.029 

14. Duraku LS, Hossaini M, Hoendervangers S, et al. Spatiotemporal dynamics of re-
innervation and hyperinnervation patterns by uninjured CGRP fibers in the rat foot sole 
epidermis after nerve injury. Molecular Pain. 2012;8(1):1. doi:10.1186/1744-8069-8-61 

15. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantitative assessment of 
tactile allodynia in the rat paw. Journal of Neuroscience Methods. 1994;53(1):55-63. 
doi:10.1016/0165-0270(94)90144-9 

16. Can A, Dao DT, Terrillion CE, Piantadosi SC, Bhat S, Gould TD. The tail suspension test. 
Journal of Visualized Experiments. 2011;(58):3-7. doi:10.3791/3769 

17. Millecamps M, Sotocinal SG, Austin JS, Stone LS, Mogil JS. Sex-specific effects of 
neuropathic pain on long-term pain behavior and mortality in mice. Pain. 2023;164(3):577-
586. doi:10.1097/j.pain.0000000000002742 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 9, 2023. ; https://doi.org/10.1101/2023.07.07.548155doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.07.548155
http://creativecommons.org/licenses/by-nc-nd/4.0/


18. Ahlström FHG, Mätlik K, Viisanen H, et al. Spared Nerve Injury Causes Sexually Dimorphic 
Mechanical Allodynia and Differential Gene Expression in Spinal Cords and Dorsal Root 
Ganglia in Rats. Mol Neurobiol. 2021;58(10):5396-5419. doi:10.1007/s12035-021-02447-1 

19. Sherman K, Woyach V, Eisenach JC, et al. Heterogeneity in patterns of pain development 
after nerve injury in rats and the influence of sex. Neurobiology of Pain. 2021;10:100069. 
doi:10.1016/j.ynpai.2021.100069 

20. Mitchell K, Lebovitz EE, Keller JM, Mannes AJ, Nemenov MI, Iadarola MJ. Nociception and 
inflammatory hyperalgesia evaluated in rodents using infrared laser stimulation after Trpv1 
gene knockout or resiniferatoxin lesion. Pain. Published online 2014:733-745. 
doi:10.1016/j.pain.2014.01.007.Nociception 

21. Espino CM, Lewis CM, Ortiz S, et al. NaV1.1 is essential for proprioceptive signaling and 
motor behaviors. eLife. 2022;11:1-28. doi:10.7554/eLife.79917 

22. Bennett DL, Clark XAJ, Huang J, Waxman SG, Dib-Hajj SD. The role of voltage-gated 
sodium channels in pain signaling. Physiological Reviews. 2019;99(2):1079-1151. 
doi:10.1152/physrev.00052.2017 

23. Hsu AI, Yttri EA. B-SOiD, an open-source unsupervised algorithm for identification and fast 
prediction of behaviors. Nature Communications. 2021;12(1):1-13. doi:10.1038/s41467-021-
25420-x 

24. Nilsson SR, Goodwin NL, Choong JJ, et al. Simple Behavioral Analysis (SimBA) – an open 
source toolkit for computer classification of complex social behaviors in experimental 
animals. 2020;02:1-29. doi:10.1101/2020.04.19.049452 

25. Wotton JM, Peterson E, Anderson L, et al. Machine learning-based automated 
phenotyping of inflammatory nocifensive behavior in mice. Mol Pain. 
2020;16:1744806920958596. doi:10.1177/1744806920958596 

26. Jones JM, Foster W, Twomey CR, et al. A machine-vision approach for automated pain 
measurement at millisecond timescales. Wassum KM, Seal R, Seal R, Shepherd A, eds. 
eLife. 2020;9:e57258. doi:10.7554/eLife.57258 

27. Tuttle AH, Molinaro MJ, Jethwa JF, et al. A deep neural network to assess spontaneous 
pain from mouse facial expressions. Mol Pain. 2018;14. doi:10.1177/1744806918763658 

28. Rea BJ, Davison A, Ketcha MJ, et al. Automated detection of squint as a sensitive assay of 
sex-dependent calcitonin gene-related peptide and amylin-induced pain in mice. Pain. 
2022;163(8):1511-1519. doi:10.1097/j.pain.0000000000002537 

29. Pereira TD, Tabris N, Matsliah A, et al. SLEAP: A deep learning system for multi-animal 
pose tracking. Nat Methods. 2022;19(4):486-495. doi:10.1038/s41592-022-01426-1 

30. Corder G, Ahanonu B, Grewe BF, Wang D, Schnitzer MJ, Scherrer G. An amygdalar 
neural ensemble that encodes the unpleasantness of pain. Science. 2019;363(6424):276-
281. doi:10.1126/science.aap8586 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 9, 2023. ; https://doi.org/10.1101/2023.07.07.548155doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.07.548155
http://creativecommons.org/licenses/by-nc-nd/4.0/


Test and train
error <3 pixels

Use trained network to label all
frames in all recorded videos Use coordinates of labeled points

to calculate limb position metrics for
each animal across all frames

Threshold labels
(p-cutoff>0.90)

Train neural network using
manually labeled frames

(DeepLabCut)

REC

Record tail suspension videos
1 min, 120 fps Extract subset of frames Manually label subset of frames

REC

REC

REC

A B

C

Von Frey (vF)
Tail Suspension (TS) 

Injury vF
TS

vF
TS

vF
TS

vF
TS

vF
TS

vF
TS

Baseline Week: 0 1 2 3 4 5 6

Base 1 2 3 4 5 6
0.0

0.5

1.0

1.5

2.0

Week 

50
%

 W
ith

dr
aw

al
 T

hr
es

ho
ld

 (g
)

Injured Limb 

Sham SNI

**** ****
**** ****

**** ****

Base 1 2 3 4 5 6
0.0

0.5

1.0

1.5

2.0

Week 

50
%

 W
ith

dr
aw

al
 T

hr
es

ho
ld

 (g
)

Non-Injured Limb 

SNI Sham 

*

Sham (R)
SNI
SNI (R)

Base 1 2 3 4 5 6
0.0

0.5

1.0

1.5

2.0

Week 

50
%

 W
ith

dr
aw

al
 T

hr
es

ho
ld

 (g
)

Non-Injured Limb 

SNI Sham 

*

Sham (R)
SNI
SNI (R)

Base 1 2 3 4 5 6
0.0

0.5

1.0

1.5

2.0

Week 

50
%

 W
ith

dr
aw

al
 T

hr
es

ho
ld

 (g
)

Injured Limb 

Sham SNI

**** ****
**** ****

**** ****

Sural

Peroneal
Tibial

D E F

G H



Figure 1: DeepLabCut-based approach to quantifying limb position following SNI-induced 
mechanical hypersensitivity (A) Cartoon depicting SNI approach. (B) Calendar showing 
experimental timeline. (C) SNI significantly decreases 50% withdrawal threshold throughout six-
week timecourse. Data represented as mean +/- SEM; n=18-20/group; two-way ANOVA, Sidak’s 
post hoc (non-injured limb Sham versus SNI; Injured limb Sham versus SNI *p<0.05 
****p<0.0001). (D) Recording of tail suspension for 1 min at 120 frames per second (fps). (E) K-
means-based extraction of a subset of frames. (F) Manual labeling of the tailbase, trunk midpoint, 
right and left hindpaw heel, and right and left hindpaw middle toes on the extracted frames. (G) 
Manually labeled frames are used to train a ResNet-50-based neural network to label the 
remaining frames. (H) A threshold p-cutoff of 0.9 was used to condition the X,Y coordinates of 
each video for calculation of median foot movement and distance from the mouse trunk midline. 
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Figure 2: SNI induces flail foot in injured limb and causes injured limb to be held closer to 
body midline (A) Image shows points of comparison quantified in (B) and (C). (B) and (C) show 
median movement between the toe of non-injured (B) and injured (C) limbs relative to the heel. 
(C) shows a significant main effect between Sham and SNI on injured limb side, a phenomenon 
we call “flail” foot. Data from all comparisons show a significant decrease in movement on non-
injured sides. All data expressed as mean +/- SEM; n=18-20/group; two-way ANOVA, Sidak’s 
post hoc (Non-injured limb Sham versus SNI; Injured limb Sham versus SNI **p<0.01 ***p<0.001, 
****p<0.0001). (D) Image shows points of comparison quantified in (E) and (F). (E) and (F) show 
median distance between heel of non-injured (E) and injured (F) limb and midline. SNI significantly 
reduces distance between heel and body midline during tail suspension. Data expressed as mean 
+/- SEM; n=18-20/group; two-way ANOVA, Sidak’s post hoc (Non-injured limb Sham versus SNI; 
Injured limb Sham versus SNI **p<0.01 ***p<0.001, ****p<0.0001). (G) Image shows points of 
comparison quantified in (H) and (I). (H) and (I) show median distance between toe of non-injured 
and injured limb and midline divided by sex. (H) shows a three-way significant interaction between 
Week/Pain/Sex suggesting the time course of SNI-induced decreased toes to midline distance is 
significantly different between males and females. Data represented as mean +/- SEM; n= 8-
12/group; three-way ANOVA (Week x Pain x Sex), Tukey post hoc (Pain vs. Sex vs. Time 
*p<0.05).     
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Figure 3: Acute inflammatory injury does not decrease distance between injured limb and 
body midline (A) Cartoon shows diagram of inflammatory injury. (B) Calendar shows 
experimental timeline and analgesic drug dosages used. (C) High-dose carprofen reverses CFA-
induced mechanical hypersensitivity. data expressed as mean +/- SEM; n=20/group; two-way 
ANOVA, Sidak’s post hoc (Non-injured limb Sham versus CFA; Injured limb Sham versus CFA 
***p<0.001, ****p<0.0001). (D) Images shows points of comparison quantified in (E) and (F). (G) 
Image shows points of comparison quantified in (H) and (I). CFA did not decrease distance 
between toes/heel to midline as shown in SNI. Data represented as mean +/- SEM; n=20/group; 
two-way ANOVA, Sidak’s post hoc (Non-injured limb Sham versus CFA; Injured limb Sham versus 
CFA.  
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Figure 4: Analgesics do not reverse SNI-induced decrease in limb distance from body 
midline. (A) Calendar shows experimental timeline and analgesic drug dosages used. (B) 
Fenobam, Gabapentin, and Metformin all reverse SNI-induced mechanical hypersensitivity (C) 
Images shows points of comparison quantified in (D) and (E). Analgesics did not reverse SNI-
induced decrease in heel to midline distance, shown in (D) and (E). (F) Image shows points of 
comparison quantified in (G) and (H). Analgesics did not reverse SNI-induced decrease in toes 
to midline distance, shown in (G) and (H). Data represented as mean +/- SEM; n=15-21/group; 
two-way ANOVA, Sidak’s post hoc (Non-injured limb Sham versus SNI; Injured limb Sham versus 
SNI *p<0.05 ***p<0.001 ****p<0.0001). Metformin data does not include female mice as its 
analgesic efficacy is limited to males (n=10-12/group). F = Fenobam, G = Gabapentin, M= 
Metformin.  
 
  



D

A B C

E F

Base 1 2 3 4 5 6
0.00

0.01

0.02

0.03

Weeks post surgery

M
ed

ia
n 

di
st

an
ce

 / 
fo

ot
 le

ng
th

Toe movement 
(relative to body)

Sham
SNI

Base 1 2 3 4 5 6
0.00

0.01

0.02

0.03

Weeks post surgery

M
ed

ia
n 

di
st

an
ce

 / 
fo

ot
 le

ng
th

Heel movement 
(relative to body)

Sham
SNI

Base 1 2 3 4 5 6
0.00

0.01

0.02

0.03

Weeks post surgery

M
ed

ia
n 

m
ov

em
en

t/ 
fo

ot
 le

ng
th

Non-Injured Limb 
Sham
SNI

*

✱

Base 1 2 3 4 5 6
0.00

0.01

0.02

0.03

Weeks post surgery

M
ed

ia
n 

m
ov

em
en

t/ 
fo

ot
 le

ng
th

Injured Limb 

Sham
SNI

Base 1 2 3 4 5 6
0.000

0.005

0.010

0.015

Weeks post surgery

M
ed

ia
n 

m
ov

em
en

t/ 
fo

ot
 le

ng
th

LEFT heel movement (body)

Sham
SNI

✱

Base 1 2 3 4 5 6
0.000

0.005

0.010

0.015

Weeks post surgery

M
ed

ia
n 

m
ov

em
en

t/ 
fo

ot
 le

ng
th

RIGHT heel movement (body)

Sham
SNI

Supplement Figure 1



Supplemental Figure 1: Spared Nerve Injury induces decrease in non-injured limb 
movement and flail foot in injured limb (A) Image shows points of comparison quantified in (B) 
and (C). (B) and (C) show median movement between the toe of non-injured (B) and injured (C) 
limbs relative to body midline. (D) Image shows points of comparison quantified in (E) and (F). 
(E) and (F) show median movement between heel of non-injured (B) and injured (C) limbs relative 
to midline. 
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Supplement Figure 2: SNI-induced decrease in injured limb distance to body midline is not 
incremental (A) and (D) Image shows points of comparison quantified in (B),(C) and (E),(F). (B), 
(C), (E) and (F) separate non-injured (B) (E) and injured (C) (F) limbs and show 1 minute tail 
suspension tests split into four quartiles. Data represented as Sham average – SNI average 
n=20/group. Week 2 lines correspond to 30 mg/kg i.p. gabapentin administration.   
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Supplement Figure 3: SNI-induced decrease in injured limb distance to body midline 
resembles guarding. Displays of sham (A) and SNI (B) animals being suspended by their tails. 
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Supplement Figure 4: Gabapentin reverses SNI-induced mechanical hypersensitivity but 
does not reverse SNI-induced decrease in injured limb distance from body midline. (A) 
Cartoon shows diagram of neuropathic injury. (B) Calendar shows experimental timeline. (C) 30 
mg/kg i.p. gabapentin administration reverses SNI-induced mechanical hypersensitivity. Data 
represented as mean +/- SEM; n=20/group; two-way ANOVA, Sidak’s post hoc (Non-injured limb 
Sham versus SNI; Injured limb Sham versus SNI ****p<0.0001) (D) Image shows points of 
comparison quantified in (E) and (F). (E) and (F) show median distance between heel of non-
injured (E) and injured (F) limb and midline. Spared nerve injury significantly reduces distance 
between heel and body midline during tail suspension, but this effect is not reversed by 
gabapentin administration. (G) Image shows points of comparison quantified in (H) and (I). (H) 
and (I) show median distance between toe of non-injured (H) and injured (I) limb and midline 
divided by sex. Data expressed as mean +/- SEM; n=20/group; two-way ANOVA, Sidak’s post 
hoc (Non-injured limb Sham versus SNI; Injured limb Sham versus SNI *p<0.05 **p<0.01 
***p<0.001 ****p<0.0001).   
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Supplement Figure 5: Gabapentin does not reverse SNI-induced decrease in non-injured 
limb movement and flail foot in injured limb (A) Image shows points of comparison quantified 
in (B) and (C). (B) and (C) show median movement between the toe of non-injured (B) and injured 
(C) limbs relative to body midline. (D) Image shows points of comparison quantified in (E) and 
(F). (E) and (F) show median movement between heel of non-injured (B) and injured (C) limbs 
relative to midline. (G) Image shows points of comparison quantified in (H) and (I). (H) and (I) 
show median movement between the toe of non-injured (H) and injured (I) limbs relative to the 
heel. (I) shows a significant main effect between Sham and SNI on injured limb side. Data from 
all comparisons show a significant decrease in movement on non-injured sides. All data 
expressed as mean +/- SEM; n=20/group; two-way ANOVA, Sidak’s post hoc (Non-injured limb 
Sham versus SNI; Injured limb Sham versus SNI *p<0.05). 
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Supplemental Figure 6: Analgesics do not reverse flail foot in injured limb (A) Image shows 
points of comparison quantified in (B) and (C). (B) and (C) show median movement between the 
toe of non-injured (B) and injured (C) limbs relative to body midline. (D) Image shows points of 
comparison quantified in (E) and (F). (E) and (F) show median movement between heel of non-
injured (B) and injured (C) limbs relative to midline. (G) Image shows points of comparison 
quantified in (H) and (I). (H) and (I) show median movement between the toe of non-injured (H) 
and injured (I) limbs relative to the heel. (I) shows a significant effect of SNI-induced flail foot as 
shown by a decrease in toe movement relative to the heel, this is independent of analgesic 
administration. All data expressed as mean +/- SEM; n=15-21/group; two-way ANOVA, Sidak’s 
post hoc (Non-injured limb Sham versus SNI; Injured limb Sham versus SNI **p<0.01 ***p<0.001, 
****p<0.0001). F = Fenobam, G = Gabapentin, M= Metformin. 
 
 
 
 


