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The influence of rat strain 
on the development 
of neuropathic pain and comorbid 
anxio‑depressive behaviour 
after nerve injury
Sara Hestehave1,2,3*, Klas S. P. Abelson2, Tina Brønnum Pedersen1, David P. Finn4, 
Daniel R. Andersson1 & Gordon Munro5

Back‑translating the clinical manifestations of human disease burden into animal models is 
increasingly recognized as an important facet of preclinical drug discovery. We hypothesized that 
inbred rat strains possessing stress hyper‑reactive‑, depressive‑ or anxiety‑like phenotypes may 
possess more translational value than common outbred strains for modeling neuropathic pain. Rats 
(inbred: LEW, WKY, F344/ICO and F344/DU, outbred: Crl:SD) were exposed to Spared Nerve Injury 
(SNI) and evaluated routinely for 6 months on behaviours related to pain (von Frey stimulation and 
CatWalk‑gait analysis), anxiety (elevated plus maze, EPM) and depression (sucrose preference test, 
SPT). Markers of stress reactivity together with spinal/brain opioid receptor expression were also 
measured. All strains variously developed mechanical allodynia after SNI with the exception of stress‑
hyporesponsive LEW rats, despite all strains displaying similar functional gait‑deficits after injury. 
However, affective changes reflective of anxiety‑ and depressive‑like behaviour were only observed 
for F344/DU in the EPM, and for Crl:SD in SPT. Although differences in stress reactivity and opioid 
receptor expression occurred, overall they were relatively unaffected by SNI. Thus, anxio‑depressive 
behaviours did not develop in all strains after nerve injury, and correlated only modestly with degree 
of pain sensitivity or with genetic predisposition to stress and/or affective disturbances.

Standardisation of quantitative sensory testing in patients with peripheral neuropathic pain has revealed multiple 
clusters in which a principal sensory profile (e.g. sensory loss, mechanical hyperalgesia, thermal hyperalgesia) 
appears to link to distinct underlying disease  mechanisms1. This could allow for defined populations of neuro-
pathic pain patients to be recruited into clinical trials to help facilitate assessment of sensitivity to specific mecha-
nism of action  analgesics2. Accordingly, calls have been made for back-translational understanding of sensory 
testing in animal models of neuropathic pain, and also inclusion of non-evoked measurements, or assessment 
of parameters like sensory loss, or the emotional components of  pain3.

Pain and emotion are tightly connected constructs. Stress, anxiety and depression are known to modulate 
pain perception both in the absence and presence of tissue  injury4–8. Conversely, chronic pain has variously 
been reported to be intrinsically linked to an increased incidence of anxiety and depression in pain  patients9. A 
growing body of evidence suggests that anxiety- and depressive-like behaviours may also occur in animal models 
of neuropathic  pain10. However, the literature is far from conclusive and simple methodological discrepancies 
between studies, such as animal related differences, pain injury model or behavioural endpoints assessed, likely 
impact upon experimental outcome. Among other things, preclinical studies have shown that the age of the 
 rodent11, choice of nerve injury  model12, or even laterality/side of  injury13 may affect development of comorbid 
emotional disturbances. And despite very similar methodology, some preclinical studies show time-dependent 
development of anxiety-like comorbidity following nerve-injury14,15, while others have failed to confirm  this16, 
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where the only apparent differences have been animal- and facility-related factors, like strain, gender and labo-
ratory environment. A broad range of studies have now compared different inbred and outbred rat strains on 
parameters related to pain, anxiety and depression (examples:17–24), but surprisingly, to our knowledge, very few 
have explored the effects of strain/animal genetics on the development of emotional comorbidities following 
injury, despite assumptions that this may be a relevant factor to explain the variability in the  field25.

When investigating behavioural correlates of pain and anxio-depressive comorbidity preclinically, either 
inbred mouse-strains, like C57BL/6, or outbred rat strains like Sprague–Dawley (SD) or Wistar are commonly 
used. Previous studies in our group have demonstrated clear strain-differences in sensory thresholds of naïve rats 
to nociceptive stimulation, and thereafter in their functional responsiveness to inflammatory- and neuropathic-
injury22,26. Furthermore, we also reported that the μ-opioid receptor agonist morphine possessed distinct anal-
gesic profiles across various inbred and outbred rat strains both in the absence and presence of tissue  injury26. 
Taken together, these observations suggest that strains with genetic predisposition to stress hyper-reactivity, 
depressive- or anxiety-like phenotypes could possess a higher translational value when assessing emotional 
comorbid burden as experienced by human pain patients. However, this has never been tested empirically. Thus, 
the aim of the present study was to further characterize the sensory and emotional responses to peripheral nerve 
injury of these different inbred rat strains and compare with SD rats. Given the involvement of stress in pain, 
depression and  anxiety8,27–30, we also assessed facets of stress reactivity of the included strains. Finally, a growing 
body of research has highlighted supraspinal changes in the opioid system as a potential link between pain and 
 affect8,31–35. Therefore, we also decided to investigate plasticity within the opioid pain modulatory systems in the 
current study based on our knowledge of strain-dependent opioid-mediated  analgesia26.

Results
Development of mechanical allodynia following nerve injury. The development of mechanical 
allodynia following SNI or sham-surgery for each strain is presented in Fig.  1A–E. Overall, repeated meas-
ures (RM) ANCOVA with second/last pre-surgical baseline as covariate, demonstrated overall significant effects 
of strain (F [4,74] = 5.697, P < 0.0001), surgery (F [1,74] = 166.3, P < 0.0001), and a strain*surgery interaction 
(F [4,74] = 8.639, P < 0.0001), indicating that the effect of surgery was not similar for all strains. We therefore 
performed two-way RM ANOVA for each individual strain, and found the effect of surgery to be significant 
for all strains, except for the Lewis strain  (FF344/ICO[1,330] = 94.24, P < 0.0001.  FF344/DU[1,330] = 11.57, P = 0.0039. 
 FWKY[1,352] = 134.7, P < 0.0001.  FSD[1,286] = 25.98, P = 0.0002). For the majority of the strains, surgery was the 
main parameter explaining the variation, most prominently in F344/ICO, and the least in LEW (F344/ICO: 
50.76% > SD: 35.59% > WKY: 32.51% > F344/DU: 13.62% > LEW: 3.26%,).

The development of mechanical allodynia during the entire test period was also studied by calculating Area 
Under the Curve (AUC) values for each animal (Fig. 1F). Two-way ANOVA demonstrated overall significant 
effects of surgery (F [1,75] = 201.4, P < 0.0001), strain (F [4,75] = 4.860, P = 0.0015) and their interaction (F 
[4,75] = 9.895, P < 0.0001). Bonferroni’s posthoc test revealed that AUC for SNI-groups were significantly lower 
than sham for all strains (P < 0.001), with the only exception being LEW where sham and SNI groups were not 
statistically different (Fig. 1F). In addition, when comparing sham-groups, the F344/ICO strain was significantly 
higher than F344/DU and LEW strains (P < 0.05), whilst F344/DU, LEW and WKY were all significantly lower 
than the SD strain (P < 0.001).

SNI-surgery had no impact on 50% mechanical response threshold in the contra-lateral paw at the end of the 
study, but there were significant effects of strain, (F [4,75] = 9.360, P < 0.0001, two-way ANOVA) (Supplementary 
Fig. S1A). Comparing ipsi- and contra-lateral thresholds at the end of the study, showed a statistically significant 
effect of surgery (F [1,75] = 46.68, P < 0.0001), but also a strain*surgery interaction (F [4,75] = 2.669, P = 0.0386, 
two-way ANOVA), again indicating that surgery had more effect for some strains than others (Supplementary 
Fig. S1B). Bonferroni’s post-hoc test confirmed this, as there were no significant differences between sham vs 
SNI for LEW and F344/DU, contrary to the other strains (Supplementary Fig. S1B).

Functional gait‑changes following nerve injury. To detect if functional gait abnormalities occurred 
following SNI, all strains were assessed on the CatWalk as illustrated in Fig. 2A. For purposes of simplicity, we 
chose to focus only on a selected number of parameters relevant to gait and coordination in accordance with 
previous studies that have used this method to assess functional outcome after nerve injury in  rats36–39. In gen-
eral, WKY rats were unwilling to walk across the platform despite multiple attempts to facilitate the process, 
and we only obtained data for three animals per group (SNI vs sham) for this strain. Therefore, the WKY strain 
were excluded from the final data analysis albeit the few animals tested showed the same overall trends for the 
measured parameters as the other strains presented in Fig. 2B–F.

Overall, we observed a significant effect of surgery for the hind paw contact area (F [1,59] = 526.1, 
P < 0.0001, two-way ANOVA, strain*surgery), swing duration (F [1,59] = 105.3, P < 0.0001), single stance ratio 
(F [1,59] = 394.8, P < 0.0001) and duty cycle (F [1,59] = 427.0, P < 0.0001), which compares the stand phase with 
the entire step cycle ((stand/(stand + swing))*100%), (Fig. 2B–E). No strain-differences were detected for contact 
area, swing duration or single stance, but for the duty cycle, there was a significant effect of strain (F [3,59] = 3.558, 
P = 0.0196, two-way ANOVA, strain*surgery). Exploring the overall run speed of the voluntary movement across 
the CatWalk for the different strains and surgical groups, as shown in Fig. 2F, revealed significant effects of both 
strain (F [3,59] = 6.236, P = 0.0009) and surgery (F [1,59] = 5.551, P = 0.0218). However, post hoc analysis failed 
to show any significant difference on this latter parameter between SNI and sham-controls for the individual 
strains, indicating that there did not appear to be an overwhelming deficit in the general activity or ability to 
move of SNI rats.
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Figure 1.  Development of mechanical allodynia in different rat strains following SNI. (A–E) 50% paw 
withdrawal thresholds to von Frey stimulation, calculated by the Dixon Up and Down method, were measured 
from 10 days prior to surgery until 177 days post-surgery. Dotted line marks day of surgery. Two-way Repeated 
Measures ANOVA with Bonferroni’s post-hoc test indicates difference between Sham vs. SNI for each time-
point; *P < 0.05, **P < 0.01, ***P < 0.001. (F) Mechanical allodynia expressed as AUC in scatter plot format for 
each animal presented in (A–E). Two-way ANOVA demonstrated significant effects of strain (F [4,75] = 4.86, 
P = 0.0015), surgery (F [1,75] = 201.4, P < 0.0001) and a strain*surgery-interaction (F [4,75] = 9.895, P < 0.0001). 
Therefore Bonferroni post hoc testing was performed between individual strain- and surgical-groups, and 
not just on strain-level. Bonferroni’s post hoc test revealed differences between Sham vs SNI for each strain 
(NS = Not Significant = P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001), and for SNI-groups between strains 
(comparison with SD, +P < 0.05; comparison with WKY, ^^^P < 0.001; comparison with F344/Ico, #P < 0.05, 
##P < 0.01). Data are presented as mean ± S.E.M.
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A. Spared Nerve Injury - CatWalk

Figure 2.  Functional gait impairment develops in all rat strains after SNI. (A) Spared Nerve Injury—CatWalk: 
Image of a LEW SNI-rat walking on the CatWalk. In the ‘timing view’ in the bottom, the green lines indicate 
the timing of the injured hind-limb being in contact with the glass plate, while the pink lines indicate contact 
with the uninjured hind-limb. Comparing these demonstrates increased duration of contact with the surface 
for the uninjured limb, compared with the injured, while the print representations above (RH, RF, LH, LF) 
shows the print-area in contact with the plate. Notice that the injured hind paw (LH: Left Hind) has a much 
smaller print-area, primarily with the heel of the paw. (B) Maximum contact area  (cm2); the maximum 
surface area of a paw that comes into contact with the glass plate. Presented as a ratio between injured and 
uninjured hind-limbs. (C) Swing (s): swing or swing phase is the duration in seconds of when a paw is not in 
contact with the glass plate. Presented as a ratio between injured and uninjured hind-limbs (D) Duty cycle 
(%): (stand/(stand + swing)*100%. Presented as a ratio between injured and uninjured hind-limbs. Bonferroni 
post-test indicates significant difference between ICO-SNI vs SD-SNI (+P < 0.05). (E) Single stance (s): the 
duration of ground contact for a single hind paw, where the contralateral paw is not on the plate. Presented 
as a ratio between injured and un-injured hind limbs. (F) Run speed, cm/s. General differences in speed on 
the CatWalk. Data are presented as mean ± S.E.M. Difference between Sham vs. SNI within the same strain; 
**P < 0.01, ***P < 0.001, and for comparison with surgery-specific groups between strains; ^P < 0.05, ^^P < 0.01 for 
comparison with LEW, determined by two-way ANOVA and Bonferroni’s post test.
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Development of anxiety‑like behaviour following nerve injury. To assess the possible development 
of anxiety-like behaviour after neuropathic injury, rats were tested on an Elevated Plus Maze (EPM) at baseline, 
and once a month after surgery (Fig.  3 and Supplementary Fig.  S2). RM ANCOVA (surgery*strain, covari-
ate = baseline) for each individual area of the maze, showed significant effects of strain for time spent in the open 
arms (F [4,74] = 7.482, P < 0.001, Fig. 3), closed arms (F [4,74] = 18.346, P < 0.001, Supplementary Fig. S2) and 
centre zone (F [4,74] = 28.243, P < 0.001, data not shown). A trend was observed for an interaction between 
surgery and strain for time spent in both the open (F [4,74] = 2.176, P = 0.080) and closed arms (F [4,74] = 2.414, 
P = 0.056), indicating that surgery may have induced anxiety-like behavior in some strains. Analysis of the effects 
of sham vs SNI for individual strains showed that only F344/DU rats exhibited significant effects of surgery on 
the amount of time spent in both closed (F [1,14] = 6.084, P = 0.027, RM ANCOVA, covariate = baseline) and 
open arms (F [1,14] = 9.999, P = 0.007), indicating increased anxiety-like behaviour as a result of the periph-
eral nerve injury. Overall, regardless of surgical groups, both LEW and F344 strains spent less time exploring 
the open arms across the time course of the study, either due to repeated testing, aging, or increased anxiety-
levels across strains and surgical groups  (FF344/ICO[6,90] = 8.684, P < 0.0001.  FF344/DU[6,90] = 25.53, P < 0.0001. 
 FLEW[6,96] = 6.169, P < 0.0001, two-way (surgery*time) RM ANOVA).
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Figure 3.  Anxiety behavior in different rat strains is minimally affected by SNI. (A–E) show the time spent 
in the open arms of the elevated plus maze for each rat strain at baseline and up to Day 186 post SNI. Two-
way Repeated Measures ANCOVA, covariate = baseline, showed significant effect of surgery for F344/DU. 
Bonferroni’s post test, showed no significant difference between Sham vs. SNI for F344/DU at individual 
timepoints. (F) AUC of time spent in open arms. Two-way ANOVA showed significant effect of strain (F 
[4,75] = 11.621, P < 0.0001), and Bonferroni’s post hoc test showed that SD spent significantly more time in the 
open arms than LEW, F344/Du and F344/ICO (P < 0.001), and WKY spent more time there than LEW and 
F344/Du (P < 0.001), as detected pairwise combined for the two surgical groups for each strain, given that there 
were no overall effect of surgery on the AUC. Data are presented as Mean ± S.E.M.
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Finally, collapsing the raw time course data into Area Under the Curve (AUC) values (Fig. 3F and Supple-
mentary Fig. 2F) confirmed the presence of significant strain-effects on time spent in the different parts of the 
maze  (Fopen[4,75] = 11.63, P < 0.0001.  Fclosed[4,75] = 42.78, P < 0.0001, two-way ANOVA (strain*surgery)).

Development of depressive‑like behaviour following nerve injury. To assess the possible presence 
of depressive-like behaviour in SNI rats we used the Sucrose Preference Test (SPT) as a measure of anhedo-
nia (Fig. 4A–E). For some strains, there were clear variations in sucrose preference between tests days, which 
depended upon which side of the cage the sucrose bottle was presented. Therefore, we analyzed the data using 
RM ANCOVA, (side*strain*surgery, covariate = baseline), in order to factor in both side- and side-specific base-
lines, as the measure was performed for 24 h in both sides for each timepoint. The analysis showed significant 
effect of ‘side’; (F [1,69] = 20.055, P < 0.001), and an interaction between side*strain (F [4,69] = 2.526, P = 0.048), 
indicating that the side-factor had stronger impact for some strains than others, despite all strains having both 
bottles permanently present in the home-cage throughout the 6 month study. However, there was no significant 
effect of surgery when analyzing the full dataset in this way.

Thereafter, when analyzing each strain individually (RM ANCOVA, side*surgery, covariate = baseline), 
the two F344 strains and WKY rats all showed a significant effect of side  (FF344/ICO[1,13] = 6.043, P = 0.029, 
 FF344/DU[1,13] = 9.051, P = 0.010,  FWKY[1,13] = 33.676, P < 0.001), (Fig. 4A–C) in contrast to the LEW and SD 
strains (Fig. 4D,E). However, a significant effect of surgery on sucrose preference percentage was only observed 
in SD rats  (FSD[1,13] = 13.281, P = 0.003). This finding was further confirmed when presenting the SPT data as 
the total amount of sucrose consumed (sucrose (g) / body weight (g))  (FSD[1,13] = 44.792, P < 0.001, Fig. 4F), in 
contrast to the other strains which are presented as AUC in Fig. 4G and in full in Supplementary Fig. S3. Notably, 
when presented as the amount consumed rather than the percentage compared with water consumption, the 
effect of cage side disappeared for all strains (RM ANCOVA, strain*surgery*side, covariate = side-specific base-
line). Although significant effects of surgery (F [1,69] = 10.540, P = 0.002) and strain (F [4,69] = 16.965, P < 0.001) 
emerged, there was also a prominent strain*surgery-interaction (F [4,69] = 9.621, P < 0.001), indicating that the 
surgery-effect was not similar across strains. Finally, Bonferroni pairwise comparisons showed that SD rats con-
sumed significantly more sucrose-water related to body weight than F344/DU (P = 0.025), F344/ICO (P = 0.049) 
and LEW (P = 0.009), and that WKY rats consumed more than all the other inbred strains (P < 0.001), which 
was also seen when presenting the data as AUC for the full time-duration (Fig. 4G). The overall development of 
body weight during the study, was also strain-dependent, and is presented in Supplementary Fig. S4. Since the 
SPT was performed on cage-level, each measurement represents the two animals that were housed together (and 
receiving the same surgery), and ‘sucrose consumed’ was calculated based on the total body weight in the cage 
compared to the amount consumed for the cage. Unfortunately, three test-subjects from the SD-SNI-group were 
lost, leading to 3 subjects unintentionally being single-housed (3 cages) and 4 pair-housed (2 cages) from this 
group. As social isolation may impact the development of  anhedonia40, the two sub-groups of SD-SNI animals 
(single- vs. pair-housed) was also compared (Supplementary Fig. S5), but given the very low number per group, 
statistical comparisons could not confirm that housing was contributing to the development of anhedonia.

Fecal corticosterone and immunoreactive corticosterone metabolites and organ weights. Fecal 
corticosterone and immunoreactive corticosterone metabolites (FCM) were measured in order to detect putative 
effects of peripheral nerve injury on hypothalamo-pituitary-adrenal (HPA)-axis function. FCM was measured 
at baseline, 1, 2, 4 and 6 months post-surgery, and presented as collected AUC for the study duration for each 
cage in Fig. 5A, and in full in the Supplementary Fig. S6. RM ANCOVA (strain*surgery, covariate = baseline) 
detected a clear effect of strain (F [4,34] = 5.217, P = 0.002), but not surgery. It also showed a significant difference 
between LEW and two of the strains; WKY (P = 0.022) and SD (P = 0.005, Bonferroni’s post-hoc test). Compar-
ing AUCs for the entire study period again confirmed the significant effect of strain (F [4,35] = 8.998, P < 0.0001, 
two-way ANOVA), but not surgery (Fig. 5A). It also showed that WKY and SD excreted significantly more fecal 
corticosterone than the other strains.

As an additional gross measure of HPA-axis activity, we measured the weight of the adrenal and pituitary 
glands at the end of the study (Fig. 5B,C respectively). For both organs, data are shown as the actual organ 
weights, while the statistical analysis was made with the body weight as a covariate, to incorporate the potential 
effect of the animal’s size on the organ weight. Statistical analysis showed no effects of surgery on organ weights, 
but there were clear effects of strain  (Fadrenal[4,74] = 9.078, P < 0.001,  Fpituitary[4,73] = 10.514, P < 0.001, two-way 
ANCOVA, strain*surgery, covariate = bodyweight). Body weight was found to be a significant factor only for the 
pituitary  (Fpituitary[1,73] = 6.975, P = 0.011). Notably, WKY rats had a significantly lower adrenal weight (when 
body weight was a covariate), compared to the LEW, SD and F344/ICO strains (P < 0.001–0.008) (Fig. 5B). 
However, the pituitary glands were significantly larger for F344/ICO and SD strains compared with LEW rats 
(P < 0.001), and for SD compared with WKY rats (P = 0.025, two-way ANCOVA and Bonferroni’s post-hoc test).

Western blotting for opioid receptors. µ opioid receptor (MOP) expression was measured within 
the hypothalamus, rostral ventromedial medulla (RVM), periaqueductal grey (PAG), dorsal part of the lum-
bar enlargement of the spinal cord (ipsi- and contra-lateral), left and right amygdaloid complex and prefrontal 
cortex (PFC) (Fig. 6 and Supplementary Fig. S7). Within the amygdaloid complex, statistical analysis revealed 
a strain*surgery-interaction (F [1,41] = 4.172, P = 0.022), two-way ANCOVA, strain*surgery, covariate = right 
amygdala) (Fig. 6B). Notably, the strain-dependent increase in MOP expression after SNI was even clearer, when 
the data were presented as the difference (delta) between left and right amygdala, (Interaction: F [2,42] = 4.437, 
P = 0.0179, two-way ANOVA, strain*surgery), and confirmed by Bonferroni’s post-hoc test (LEW SNI vs SHAM, 
P < 0.05) (Fig. 6C). Within the hypothalamus, we also detected a significant effect of strain (F [2,42] = 4.565, 
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Figure 4.  Sucrose preference in different rat strains is minimally affected by SNI. (A–E) Sucrose consumption expressed 
as a percentage of total fluid consumption as an index of anhedonia. Notice that this parameter is recorded on cage level, 
not subject level, and therefore N = 5 for SNI-groups, N = 4 for Sham groups. Sucrose consumption was measured on two 
consecutive test-days, where the sucrose bottle was placed in either the “L” = left or “R” = right side of the cage. Only SD 
showed significant effects of surgery. Bonferroni’s post comparison test showed significant differences between Sham and 
SNI-injured animals only on Day 31 post injury, **: P < 0.01. (F) Sucrose consumption expressed compared to body weight 
for SD, confirmed the decreasing sucrose consumption for SNI compared with Sham. (G) AUC of total amount of sucrose 
consumption related to body weight. Two-way ANOVA showed significant effect of strain (F [4,45] = 30.891, P < 0.0001), and 
Bonferroni’s post hoc showed that both the SD- and WKY-strain consumed significantly more than LEW, F344/Ico and F344/
Du (P < 0.001), and that F344/Du consumed more than LEW (P < 0.05), as detected pairwise combined for the two surgical 
groups for each strain. Data are presented as mean ± S.E.M.
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P = 0.0161, two-way ANOVA, strain*surgery) on MOP expression with a 17.2–20.2% reduction observed in the 
LEW strain compared with the two F344-substrains for both sham and SNI groups (calculation: ((F344-LEW)/
F344)*100) (Fig. 6A). Otherwise, there were no significant effects of strain or surgery on the level of MOP within 
PAG, RVM, PFC or spinal cords, and so these remaining results are presented in the supplementary Figure S7.

κ opioid receptor (KOP) expression was measured within the amygdaloid complex (left and right) (Fig. 7), 
PFC and the dorsal part of the lumbar enlargement of the spinal cord (ipsi and contra) (Supplementary Fig. S8). 
Similar to MOP, we detected a strain*surgery-interaction (F [1,41] = 4.012, P = 0.026, two-way ANCOVA, 
strain*surgery, covariate = right amygdala) (Fig. 7A), which became visually clearer when expressed as delta-
values (Interaction: F [2,42] = 3.201, P = 0.05, two-way ANOVA, strain*surgery) (Fig. 7B). No statistical differ-
ences were detected in the PFC and spinal cords, and they are therefore only presented in the supplementary 
file (Supplementary Fig. S8).

Discussion
Great efforts are being made to optimise translational read-outs from bench to bedside across the pain 
 landscape41. Notably, concerns have been raised that animal studies primarily rely on nociceptive withdrawal 
reflex based assays instead of endpoints incorporating facets of spontaneous pain or sensory loss, functional 
impairment, and emotional aspects of the pain  condition3,42,43. Using a selection of inbred rat strains that possess 
a genetic predisposition to stress hyper-reactivity, depressive- or anxiogenic-like phenotypes, we have explored 
their long-term propensity towards expressing sensory and emotional disturbances following peripheral nerve 
injury. Extending on our previous  study22, the current work also included, (1) a more prolonged time-course, 
(2) assessment of pain- and affective-endpoints in the same subject, (3) assessment of functional gait-deficits, 
(4) sham-control groups, (5) additional F344-substrains, to elucidate the effects of not only inbred strains, but 
substrains thereof, (6) fecal corticosterone measurements and organ weights as proxy markers for HPA activity, 
and finally (7) assessment of plasticity within the opioid system following long-term nerve injury.

Allodynia and gait disturbances after SNI. Four of the five rat strains tested in the current study, vari-
ously developed mechanical allodynia as a consequence of SNI (F344/ICO = WKY = SD > F344/DU), in agree-
ment with reports from other  laboratories44–46. Although the clear lack of mechanical hypersensitivity after 
neuropathic injury in the stress-hyporesponsive LEW strain is consistent with a recently published study from 
our  group22 and  others46,47, gain of sensory function has also been  reported19,48,49. Interestingly, the two F344 
sub-strains, exhibited markedly different responses to hind paw mechanical stimulation throughout the study 
and highlight that sub-strain differences may be one of the explanations for discrepant findings between research 
laboratories. Notably, even for inbred rat strains, accumulated mutations and genetic drift are expected to pro-
duce variability between  subpopulations50–52. Similarly, we have previously demonstrated clear differences in 
development of neuropathic allodynia and pharmacologic sensitivity between outbred SD sub-strains53.
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Figure 5.  HPA-axis activity in different rat strains after SNI. (A) Excretion of Fecal Corticosterone Metabolites 
(FCM)—AUC. The full time-course is presented in Supplementary Fig. S4. FCM was measured at baseline, 
1, 2, 4 and 6 months post-surgery. AUC was calculated for each individual/cage. Note that this parameter is 
recorded on cage-level, not subject-level, and N = 5 for SNI-groups, N = 4 for Sham groups. Two-way ANOVA 
showed significant effects of strain with Bonferroni’s post testing showed that both the SD—(P < 0.05–0.001) and 
WKY-strain (P < 0.01–0.001) had significantly higher FCM-levels than F344/Ico, F344/Du and LEW, as detected 
pairwise combined for the two surgical groups for each strain. (B) Weight of adrenal glands. (C) Weights 
of pituitary gland for each animal. Notice that the adrenal and pituitary weights presented in panels (B,C) 
are potentially affected by the size of the animal, explaining why the statistical analysis was performed with 
body weight as a covariate. The analysis showed significant effect of strain (two-way ANCOVA, strain*surgery, 
covariate = body weight) for both organs, and Bonferroni’s post hoc test detected differences between strains. 
For adrenal weights; SD had significantly higher adrenal weight than F344/Du (P < 0.05) and WKY (P < 0.001), 
and WKY also having smaller adrenal weights than F344/Ico (P < 0.01) and LEW (P < 0.001), when body weight 
was included as a covariate. For pituitary, SD had significantly higher weight/size than WKY (P < 0.05) and LEW 
(P < 0.001), and F344/Ico had higher pituitary weights than LEW (P < 0.001). Given the lack of statistical effect 
of surgery or strain*surgery interaction, the post hoc differences are presented overall between strains, and not 
divided for the surgical groups. Data are presented as scatter plot and lines indicating mean ± S.E.M.
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Figure 6.  MOP expression in brain and spinal cord of selected rat strains following SNI. (A) Expression 
of MOP in the hypothalamus. Two-way ANOVA showed significant effects of strain, but no differences in 
Bonferroni’s post-hoc test. (B) Expression of MOP in left and right amygdaloid complex. (C) Expression of 
MOP, expressed as the difference between right and left amygdaloid complex. Two-way ANOVA showed 
significant strain*surgery-interaction, and a significant difference between SNI and Sham for LEW (P < 0.05, 
Bonferroni’s post-hoc test). (D,E) Representative full length immunoblots of hypothalamus (MOP; D.I, β-actin; 
D.II) and amygdaloid complex (E), presenting the MOP-bands at ~ 53 kDa, and β-actin at ~ 42 kDa. Data are 
presented as mean ± S.E.M. of the signal normalized to beta-actin in the sample. N = 8.
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Although the underlying genotype of the strains tested herein would appear to provide the simplest expla-
nation for the associated neuropathic phenotype, it is possible that deviances in the surgical protocol due to 
strain-related differences in nerve anatomy and/or innervation might have been a possible contributory  factor54. 
However, we think this is unlikely since all strains displayed similar SNI-specific postural changes with pronation 
of the affected  paw55,56. Moreover, increased sensitivity to evoked stimuli is merely one sign amongst a myriad 
of sensory changes experienced by neuropathic  patients57. A more predominant symptom for neuropathic pain 
patients is spontaneous pain, which although more difficult to measure in  animals43,58, might be expected to 
improve the translational utility of pre-clinical pain  data59. Accordingly, dynamic gait-alterations occurring as a 
consequence of injury in rodents have been suggested to represent a surrogate marker of spontaneous  pain60,61. 
In our experiments, CatWalk analysis revealed that SNI rats from all strains displayed functional gait impair-
ment irrespective of the presence of evoked mechanical allodynia. All strains moved with greater awareness for 
the affected limb and tried to minimize contact and pressure of the injured paw with the ground, but without 

Figure 7.  KOP expression in brain and spinal cord of selected rat strains following SNI. (A) KOP in the 
amygdaloid complex. Two-way ANCOVA, strain*surgery, covariate right amygdaloid complex, showed 
significant strain*surgery-interaction. (B) KOP in the amygdaloid complex, expressed as the difference between 
right and left amygdaloid complex. Two-way ANOVA showed an almost significant strain*surgery-interaction. 
(C) Representative full length immunoblots of the amygdaloid complex, presenting the KOP-bands at ~ 43 kDa, 
and β-actin at ~ 42 kDa. The unspecified band at ~ 25 kDa was apparent after staining with the KOP-antibody, 
and likely represents degraded forms of the native KOP. Data are presented as mean ± S.E.M. of the signal 
normalized to β-actin in the sample. N = 8.



11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20981  | https://doi.org/10.1038/s41598-020-77640-8

www.nature.com/scientificreports/

profound impact on their willingness or speed of movement. Importantly, our data are generally consistent with 
similar studies exploring dynamic gait-changes produced by peripheral nerve injury in  rodents36,37. Whether 
these changes simply represent secondary biomechanical effects of nerve injury, muscle atrophy or reflect facets 
of spontaneous pain or sensory loss, would be interesting to test in future pharmacology studies using standard 
of care analgesics.

Emotional disturbances after SNI. Although many preclinical studies have shown that neuropathic pain 
correlates positively with anxio-depressive  behaviour13–15,31,62–69, this outcome has been far from  consistent16,70–75. 
Time appears to be an important factor, as anxiety-behaviour rarely presents within the first couple of weeks after 
 injury70,71,73, requiring 4 weeks or more to  manifest65,67,76,77. Depressive-like behaviour may require even more 
time to  evolve66. Whilst some studies suggest that up to 4 months may be required before robust anxiety-behav-
iour is evident after  injury14,15, other studies using similar methodology have not replicated these  observations16, 
perhaps as a consequence of animal-related factors such as strain or  gender25.

To our knowledge, very few studies have explored the effect of strain on the development of emotional comor-
bidities after nerve  injury44. The Wistar Kyoto (WKY) rat was first developed as the counterpart to the spon-
taneous hypertensive rat (SHR) strain, and has been reported to possess both ‘depressive-’78, and ‘anxiety-like’ 
 phenotypes79, as well as distinct changes in hypothalamo-pituitary-adrenal (HPA) axis  function80,81, where they 
have been described as being stress  hyperresponsive82. The inbred Lewis (LEW) and Fischer (F344) strains have 
typically been used to investigate aspects relating to HPA-function based on their respective hypo- and hyper-
reactive responses to  stress83–85. Moreover, similarly to WKY rats, LEW rats have been suggested as a high-anxiety 
counterpart to the SHR strain when modeling high and low indices of basal  anxiety21,86,87. Despite detecting very 
prominent differences in evoked pain-like behaviour between strains, we did not see any correlation between 
magnitude of neuropathic pain-like behaviour and affective changes indicative of the presence of anxiety- or 
depressive-like behaviour, confirming other recent  findings33,88. Notably, the only strain showing anxiety-like 
behaviour in the EPM following nerve injury was the moderately pain-sensitive F344/DU. Similarly, only SD 
rats showed indications of anhedonia after nerve injury, and most prominently when assessed as the amount of 
sucrose consumed, similar to recently  reported33. The sucrose preference test is a commonly used non-invasive 
test of anhedonia / depressive-like behaviour used in  rodents89. Contrary to traditional tests of depressive-
like behaviour, like the Forced Swim test, it is not based on locomotor action/ability, may be recorded in the 
home-cage environment, and has previously been sensitive enough to detect a shift in  preference90–93 or amount 
 consumed33 in chronically nerve-injured rodents. The sensitivity to the sucrose preference test has though been 
found to vary with  strain20,94. This was clearly the case in the current study, where the three stress-hyperresponsive 
strains (WKY, F344/ICO & F344/DU) all showed very prominent effects of ‘side’ of the cage, that the sucrose 
bottle was presented in. Although it was attempted to control for this effect by using the side-specific baseline 
as covariate in the analysis, and converting the data to ‘amount consumed’, this assay limitation may well have 
masked any possible modifying effects of nerve-injury on the putative expression of depressive-like behaviour. 
The aim was to secure minimal stress by maintaining the animals in their undisturbed home-environment with 
their cohoused partner during the test, but as testing on cage/pair-level lead to smaller group-sizes, and also the 
possibility, that a side-preferring subject would affect the outcome of a pair, it could be indicated to incorporate 
the following adjustments for future studies; i) short-term water-deprivation, ii) temporary single-housing for 
the actual test, but next to cage-partner and in home environment, iii) testing during the night-phase, iv) testing 
on two consecutive nights with the sucrose-bottle in each side. An additional limitation of the present study was 
that only one test was used for anxiety-related behavior (EPM) and depression-related behaviour/anhedonia 
(SPT), and at discrete time points post-SNI. We cannot exclude the possibility that additional alterations in 
anxio-depressive behaviour, and correlations with pain sensitivity, might have been revealed with additional 
assays and/or different time points post-injury. Moreover, our results and conclusions are limited to SNI, and 
cannot necessarily be extrapolated to other models of neuropathic pain.

Physical activity and a socially enriched environment have been found to reduce pain-like behaviour and 
normalize brain function in  rodents95. Thus, it has commonly been suggested that environmental enrichment 
should be minimized and rodents single-housed when used as models for depressive- or anxiety-like behaviour, 
to ‘enhance’ the behavioural  phenotypes40,94. Nevertheless, we purposefully decided not to follow this strategy, as 
we wanted the neuropathic pain condition to be the only factor affecting the animals. During the current study, 
three test-subjects from the SD-SNI-group were lost, which left 3 subjects being unintentionally single-housed 
and 4 subjects pair-housed from this group. However, since statistical analysis could not confirm if single-housing 
was a significant factor, likely related to low group size (Supplementary Fig. S4), both single and pair-housed 
animals were included equally. It is therefore interesting that anhedonic behaviour in the SPT is only detected in 
this strain, especially as SD have previously been reported to be more sensitive to single-housing than F344 and 
LEW in a Chronic Mild Stress  model96, and it remains uncertain to which extent the single-housing is driving 
the anhedonia-like behaviour in the SD SNI-group.

Pain modulatory systems after SNI. A wide range of molecular mechanisms have been explored to 
help explain the emotional comorbidities related to chronic pain (for review,  see35,97). Amongst these is the 
HPA axis, which plays a central role in the homeostatic control of the stress response and contributes to the 
clinical aetiology of anxiety and  depression27. However, chronic neuropathic pain injury alone does not appear 
to robustly influence HPA axis function in  rodents98,99, and so we were not surprised at the lack of effect of neu-
ropathic injury on the biomarkers and organ weights measured. Again, the general lack of a positive correlation 
of neuropathic pain with comorbid mood disturbance in our behavioural experiments aligns with the apparent 
lack of change in markers of HPA axis activation for the strains included here, and a previous study detecting 
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anxio-depressive comorbidities in neuropathic pain, also found that the HPA-axis was  unchanged66. Moreover, 
despite the established use of LEW and F344 rats as models of stress hypo- and hyper-responsivity, they possess 
similar corticosterone and ACTH serum levels under baseline non-stressful  conditions85,100, consistent with the 
observed FCM levels in our experiment. Importantly, WKY rats presented with higher FCM levels than the 
other inbred strains, and greater adrenal weights compared with LEW, SD and F344/ICO strains confirming that 
lack of assay sensitivity was unlikely to be responsible for the lack of effect of neuropathic injury on HPA axis 
function.

The endogenous opioid system is involved in the physiology of stress, nociception, anxiety and 
 depression8,31,101. The PAG and RVM are important components of descending pain pathways, and receive inputs 
from sites including the amygdala and  hypothalamus102. During neuropathic pain, tonic descending inhibitory 
transmission is replaced by increased drive from descending facilitatory pathways which further enhance spinal 
 excitability103, and differences in these pathways, and especially within the amygdala, PAG and RVM, have been 
found to explain differences in neuropathic and inflammatory pain sensitivity between rat  strains23,24,104–106. 
Opioid-mediated signaling mechanisms in these pathways contribute to the manifestation of neuropathic hyper-
sensitivity after  injury107, and are related to the affective disturbances arising in relation to  pain10,31. However, 
changes in opioid receptor expression within the spinal dorsal horn could not be detected in the current study, 
suggesting that behavioural differences between strains and surgical groups originate supraspinally, or are unre-
lated to changes in this endogenous system. Supraspinal opioid receptor expression levels have though previously 
been found to be reduced following nerve injury and to be directly related with emotional  comorbidities33,34. 
Similarly, sustained pain conditions induce a reduction in opioid receptor in the  amygdala108, and lateralized 
opioid-signaling can develop, generally with indications of a pronociceptive role of the right  amygdala32. Interest-
ingly, for both opioid-receptors (KOP and MOP) measured in the amygdaloid complex, there were significant 
strain*surgery-interactions, when factoring in the difference between left and right amygdala expression levels, 
most prominently with a shift in MOP-expression to the right amygdaloid complex for nerve-injured LEW, while 
the trend was opposite for nerve-injured F344/DU rats. Increased expression in the right amygdala may be con-
nected to previous findings of enhanced evoked activity in the right central amygdala following nerve-injury, 
unrelated to side of peripheral  injury109, while the shift to left amygdaloid complex for F344/DU may relate 
to reports that the left amygdala undergoes changes associated to anxiety-disorders110. A significant effect of 
strain on MOP-expression was detected only in the hypothalamus, where LEW generally expressed lower levels 
compared with the F344-substrains. Previous findings have indicated less binding and functionality of MOP in 
various brain-areas, including PAG and amygdala, for LEW than  F344111, but surprisingly, the strain-difference 
in MOP-expression was only present in hypothalamus in the current study.

In summary, the current study showed clear differences in development of pain-, and to a lesser degree 
depressive- and anxiety-like behaviours in response to peripheral nerve injury (SNI) in different inbred rat 
strains, despite similar dynamic gait-changes. Thus, different rat (sub-) strains appear to develop distinct symp-
tomatic and sensory phenotypes after neuropathic injury, which may have important implications in light of 
the recent ‘call for back-translation of sensory profiling in animal models of neuropathic pain’3. Crucially, the 
strain-dependent development of anxio-depressive comorbidities related to chronic pain, provides a potential 
explanation for conflicting data sets published in the  field10.

Material and methods
Animals and housing. The study was performed in accordance with the Danish legislation (Law no. 474 of 
May 15th, 2014 and Order no. 12 of 07/01/2016) regulating experiments on animals, and in compliance with the 
European Directive 2010/63/EU. Experimental protocols for the different testing modalities at H. Lundbeck A/S 
were approved by The Animal Experiments Inspectorate in Denmark.

A total of 18 rats per strain (Lewis (LEW) and Wistar Kyoto (WKY) from Harlan / Envigo UK; F344/IcoCrl 
from Charles River, Italy; F344/DuCrl and Crl:CD(SD) from Charles River Laboratories, Germany) were ordered 
to arrive in house at 6 weeks of age. All animals were housed in pairs with a partner from the same strain and 
surgical group in transparent Tecniplast polycarbonate macrolone type III high open cages (42.5 * 26.6 * 18.5 cm) 
from Scanbur, Denmark, from arrival and until they reached a body weight of approximately 400 g per rat. At this 
point all pairs of rats were moved to larger type IV high open cages (59.5*38.0*20 cm). All cages were equipped 
with environmental enrichment consisting of aspen wood chewing blocks (S-Bricks from Tapvei, Estonia), paper-
wool shavings (LBS Biotechnology, UK) for nesting material, and red Rat Retreats (Bio-Serv, Flemington, US) 
for hiding. For bedding, aspen chips (Tapvei, Estonia) were used. Cages were changed twice a week, but never on 
testing days. Food (Altromin 1324, Brogaarden, Denmark). Acidified water (pH: 3.6 ± 0.5) was available ad libi-
tum in two bottles per cage at all times, and were changed on a weekly basis. The light–dark cycle was 12:12 h 
with lights on from 06.00 h. The room-temperature was set to 20 ± 2 °C and the relative humidity was 55 ± 10%.

Study design. For pragmatic purposes test subjects were divided in two cohorts each including animals 
from all strains and surgical groups. The two cohorts were subjected to surgery on consecutive days enabling 
behavioural testing to be performed between 08.00–15.00  h during the light cycle on alternate days. Only 
sucrose preference testing (SPT), and sampling for fecal corticosterone measurement (FCM) were performed 
simultaneously for the two cohorts. In total, eight rats of each strain were exposed to sham-surgery, and ten rats 
to SNI-surgery.

After arrival from the vendors, the rats acclimatized to the surroundings for 12 days prior to initiation of base-
line testing. They remained in the same room for the majority of the study, but were moved to a different room 
in the same building inside the facility for elevated plus maze (EPM) and CatWalk testing. When this occurred 
they were always moved at least 24–48 h prior to behavioural testing, and then moved back to the primary lab 
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immediately after the end of the test day. The overall timeline for the study is presented in Fig. 8. Baseline tests 
were performed prior to surgery for SPT (Day − 15), EPM (Day − 12), von Frey (Day − 10 and − 7), gut microbiota 
(Day − 7) (results not included in current manuscript) and FCM (Day − 1). The day of surgery was considered as 
‘Day 0′. After surgery EPM and SPT were measured once a month for 6 months, while FCM and gut microbiota 
was determined at 1, 2, 4, and 6 months post nerve injury (gut microbiota results are planned to be presented 
together with additional experiments in a separate publication). Mechanical allodynia of the ipsi-lateral paw was 
measured more frequently (Day 3, 6, 9, 13, 16, 20, 23, 27, 34, 41, 48, 55, 65, 76, 84, 97, 111, 128, 146, 160, 177), 
while the mechanical threshold of the contra-lateral paw was only measured at Day 182. CatWalk gait analysis 
was performed once only between Days 168–171 after surgery. At the end of the experiment (Days 188–194 
post surgery) all animals were euthanized by decapitation without prior sedation, and tissues were extracted for 
western blotting (WB) analysis. In addition, pituitary and adrenal glands were collected and weighed.

Although animals were pair-housed from the beginning of the experiment, three SD rats, one F344/DU rat 
and one F344/ICO rat from SNI-groups were euthanized in accordance with predefined humane endpoints; 
their partners were single-housed for the remainder of the study. All rats were euthanized due to biting of the 
injured paw, which occasionally occurs after SNI-injury55, except for one SD rat which was euthanized due to 
an incidental injury unrelated to the experiment.

Experimental procedures. All experiments were performed by the same experienced female experi-
menter throughout the study. It was not possible to blind the experimenter to strains and surgeries, as the strains 
behaved markedly different when being handled, and SNI-surgery leads to a characteristic pronation of the 
affected  paw56.

Spared nerve injury. The surgical procedure was based on the model described by Decosterd and  Woolf112, and 
the same experienced surgeon performed all surgeries as previously reported by our  group22,113. Anesthesia was 
induced with 5.0–5.5% sevoflurane (SEVOrane, AbbVie Inc.) delivered in a mixture of 70%  O2 and 30%  N2O in 
a Plexiglas induction chamber, and maintained via a face mask with 2–3% sevoflurane in the same  O2/N2O mix-
ture. Anesthesia was monitored regularly by observing respiration and testing the hind paw withdrawal reflex. 
Each rat was administered a single dose of buprenorphine (Temgesic, 0.03 mg/kg) and amoxicillintrihydrate 
(Noromox Prolongatum Vet, 150 mg/kg). Thereafter, the fur was shaved on the lateral surface of the left thigh 
and the area was swabbed with chlorhexidine to secure aseptic conditions. A longitudinal incision was made 
through the skin caudal to the femur, and the underlying musculature was opened using blunt dissection to 
reveal the sciatic nerve and the three terminal branches; the sural, common peroneal and tibial nerves. A gentle 
pinch with forceps was performed on the common peroneal and tibial nerves before ligation to verify that they 
were the intended  nerves55. The common peroneal and tibial nerves were ligated together using 5–0 Prolene 
ligatures (Jørgen Kruuse A/S, Denmark), and sectioned distally to the ligation, removing approximately 2 mm 
of the distal nerve stump. The spared sural nerve was left intact. The musculature was reapproximated and the 
skin closed with tissue glue (3 M Vetbond, Jørgen Kruuse A/S, Denmark). Sham-surgery consisted of the same 
steps, but without opening of the muscle layers or any contact with the sciatic nerve. Animals were examined 
routinely for signs of distress, wound dehiscence or wound infection throughout the study in accordance with 
welfare  assessment113,114.

Mechanical allodynia. Low intensity mechanical sensitivity was assessed using a series of calibrated von Frey 
monofilaments (0.4, 0.6, 1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, 26.0 g; North Coast Medical, Inc., Morgan Hill), 
similarly to previously  descibed22. Animals were placed in individual plexiglas (10.8*13.8*17.0 cm) enclosures 
on an elevated wire grid located in the same room in which they were routinely housed. They were given approx-
imately 15 min to acclimate to the enclosure and the experimenter’s presence prior to stimulation of the lateral 
plantar surface of the hind paw, at different anatomical locations in the area innervated by the intact sural nerve. 
To initiate testing a filament with a bending force of 4.0 g was first applied to the hind paw with uniform pres-
sure for 5 s. A brisk withdrawal was considered a positive response whereupon the next lower filament in the 
series was applied. In the absence of a positive response the neighboring higher filament was applied. After the 
first change in response-pattern, indicating the threshold, 4 additional applications were performed; when no 
response, the next filament with a higher force was tested, and when positive response, the next lower force 

Figure 8.  Timeline of behavioural tests and corticosterone sampling performed during the study.
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filament was tested. The 50% threshold was determined by the following equation: 50% threshold (g) = 10log(last 

filament)+k*0.3. The constant, k, was found in the table by  Dixon115, and determined by the response-pattern.

Elevated plus maze. To assess anxiety-like behaviour an EPM was used as described and validated  previously22,116. 
The maze consisted of four arms (45*10 cm) arranged in a cross-like disposition. Two opposite arms were open, 
and the other two were equipped with 50 cm high walls on each side for enclosement. All were connected by a 
central 10*10 cm square. The surface of the maze was covered in a grid-safe black rubber flooring to increase 
contrast between the white test-subject and the background. Recording was performed for 5 min per rat by 
use of a camera placed above the maze, and movement between zones was tracked by use of EthoVision XT9 
(Noldus Information Technology). The maze was wiped with 70% ethanol between each animal to minimize 
the influence of odours between rats. The EPM was placed in a separate room close to the housing room, with 
light-intensity set to; centre: 276 lx, open: 283–388 lx (near centre—distal end of open arm) and closed: 19–82 lx 
(distal end of closed arm – near centre).

Sucrose preference test. In order to assess depressive-like behaviour, the sucrose preference test was included 
as a measure of  anhedonia89. Throughout the study, each cage was fitted with two water bottles, in order to have 
the rats accustomed to drinking from both bottles / sides of the cage. The SPT was performed on a cage-level 
in the normal environment with no other testing occurring during those days. When performing the test two 
fresh bottles were placed in the cage, one of which included sucrose (2%) dissolved in normal acidified drinking 
water. Bottles were weighed and sucrose- vs. water-consumption was measured during 2*24 h tests. The bottles 
were weighed after the first 24 h and swapped to the opposite side of the cage, in order to compensate for possible 
differences in preference for drinking from one side. The preference was then calculated and presented as “% 
sucrose preference”, but also presented as amount of sucrose consumed (sucrose (g) / body weight (g)), as recent 
studies suggested that this parameter could be a relevant  alternative33.

CatWalk gait analysis. Analysis of voluntary movement and gait pattern was performed using the CatWalk XT 
10.0 system (Noldus Information Technology)60. Briefly, green light was internally reflected into a glass plate, 
on which an enclosed corridor was fixed, with red backlight above the corridor. A video-camera was mounted 
underneath the setup and recorded the paw prints being lit up by the green light when paws were in contact with 
the glass plate as the rat walked along the corridor. A run was regarded as compliant when the rat entered in one 
end of the corridor, and moved fluently across the plate towards the exit in the other end of the corridor, with a 
running duration below 12 s and a maximum variation below 75%. Three compliant runs were recorded for each 
animal, with no previous training/habituation or food-deprivation.

Measurement of fecal corticosterone and immunoreactive corticosterone metabolites. HPA-axis activation was 
gauged by quantifying fecal corticosterone and immunoreactive corticosterone metabolites (FCM). The major-
ity (80–87%) of the circulating corticosterone is excreted in feces after undergoing metabolism in the  liver117–119, 
and levels of FCM reflects an average of the preceding corticosterone levels in the blood with approximately 
8–12 h  delay120,121. On the days selected for measurement of FCM, all bedding was changed in the morning 
thereby covering the previous 24 h period. Fecal pellets were collected from the bedding and kept at − 20 °C 
until analysis similar to previously  reported121,122, with some modifications regarding  evaporation113. In brief, 
all pellets from the specific cage and day were submerged in 96% ethanol (~ 5 ml/g feces) overnight at room 
temperature on a shaking table. Samples were then homogenized in a BagMixer (BagMixer 400CC, Interscience, 
Saint Nom, France), then filtered free of fecal material and centrifuged (2*20 min at 2,000 rpm, and 1*15 min 
at 10,000 rpm), and 1 ml of the supernatant was stored at − 20 °C. For analysis, 300 μl of the supernatant was 
processed in an evaporator (Genevac EZ-2 Personal Evaporator, Stone Ridge, NY, USA) for approximately 2 h. 
Next, 300 μl PBS was added to each sample along with three to four 2 mm solid-glass beads (Sigma-Aldrich, St 
Louis, MO, USA) and placed on a shaking table for 2 h prior to quantification. The samples were then quantified 
using the DRG-Diagnostics Corticosterone ELISA kit (EIA-4164; DRG Instruments GmBH, Maburg, Germany) 
according to the manufacturer’s instructions and as previously  described113,122. The ELISA-kit has been shown 
to have a cross-reactivity with other steroids and corticosterone metabolites (7.4% with progesterone, 3.4% with 
deoxycorticosterone, 1.6% with 11-dehydrocorticosterone, 0.3% with cortisol and pregnenolone and < 0.1% with 
other steroids), and have previously been validated and used for measurements of fecal corticosterone metabo-
lites in  rodents113,122,123.

Western Blot analysis. At the end of the study, rats were euthanized by decapitation without prior sedation to 
enable collection of spinal cords and brains for quantification of mu- and kappa-opioid receptor (MOP and KOP 
respectively) expression by WB analysis. The spinal cord was collected via hydraulic extrusion using a previously 
published  protocol124. Thereafter, the lumbar enlargement of the spinal cord was dissected into dorsal/ventral, 
ipsi- and contra-lateral quadrants using macroscopic anatomical landmarks. Following decapitation, the skin 
was removed from the skull, and a small pair of surgical scissors was inserted into the foramen magnum to care-
fully break and cut the posterior part of the cranium. This enabled the occipital, interparietal, parietal and frontal 
bone plates of the skull to be removed and with the brain exposed the dura mater was subsequently removed. 
A dissecting spatula was carefully slid between the bone and lateral part of the brain-hemispheres, to carefully 
free the brain from the skull, and the olfactory, optical and trigeminal nerve attachments were gently cut to 
completely free the brain. While kept on ice, the brain was dissected using macroscopically visible anatomical 
landmarks. We used free hand dissection with a straight edge razor blade and forceps for the majority of the 
areas, except where noted otherwise. We did not use definitive scales or ‘rodent brain matrix’ devices, since the 
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different strains were of overall different sizes, which could naturally affect the dimensions of the brain. First, the 
hypothalamus was localized and excised with the aid of forceps and a blade, so that the most distal part of the 
hypothalamus was collected. Next after removing the olfactory bulb in the anterior part of the brain and using 
a sharp razor blade, a coronal section was made including the most anterior part of the prefrontal cortex (PFC). 
Next, a latero-medial transverse section was made with the straight edge razor blade including predominantly 
amygdala, but likely also including some piriform cortex. As the dissection was based on gross/macroscopic 
anatomy, the amygdala is hereafter termed ‘amygdaloid complex’, and has also been referred to as ‘amygdaloid 
cortex’ in previous publications using the same dissection-technique125,126. Next, the periaqueductal gray (PAG) 
in the midbrain was collected, which included trimming off the surrounding white matter. Finally, the part of 
the brain-stem ventral to the cerebellum was isolated, and a 2 mm diameter cylindrical biopsy puncher (Harvard 
Apparatus, UK) was used to excise the rostral ventromedial medulla (RVM). All tissues were weighed, snap-
frozen on dry ice, and stored at − 80 °C. Due to time-limitations, analysis was only performed on samples from 
8 subjects from SNI- and sham-groups of the F344/DU, F344/ICO and LEW strains. These strains were selected 
because they are commonly compared, showed prominent behavioural differences during the study, and have 
been found to respond differently to opioid agonist in the presence and absence of  injury26.

Protein extraction from the different brain areas was performed according to methods previously  described23. 
36 µg protein from each sample was separated using a 12% SDS–polyacrylamide gel (SDS-PAGE) electrophoresis 
at a constant voltage of 120 V for approximately 2 h. Each gel included samples from each strain and group, 
along with a control-sample for comparison between gels/blots. Separated proteins were then electro-blotted to 
a Nitrocellulose Blotting Membrane (GE Healthcare Life Science, catalogue No 10600003) at 100 V for 50 min. 
The nitrocellulose membranes were then blocked in 5% non-fat dry milk dissolved in 0.05% Tris-buffered saline 
with Tween 20 (TBS-T) for 1 h at room temperature (RT), and incubated with antibody diluted in 5% milk / 
TBS-T. For each brain-area/sample a set of gels and blots were made for incubation with different primary anti-
bodies using different protocols, while the protocol for incubation with secondary antibodies were similar for 
all blots. Opioid-receptor blots were first incubated with primary MOP-antibody (Anti-Mu Opioid Receptor 
antibody ab10275, Abcam) and β-actin (1:10.000, Sigma Aldrich, Ireland) for 2 h at RT and overnight at 4 °C. 
After incubation with primary antibodies, blots were subjected to 5*5 min washes in 0.05% TBS-T, and incu-
bated with secondary antibody solution containing IRDye 800CW conjugated goat anti-rabbit (926–32,211) for 
binding with MOP-primary antibodies, and IRDye 680LT Goat anti-Mouse (926–68,020) (LI-COR Biosciences 
Abingdon Park, Oxford UK) for binding with β-actin, in 1:10.000 dilution in 1% milk / TBS-T for 2 h covered 
in tin-foil. Then another 5*5 min wash with TBS-T, before blots were scanned using a LI-COR Odyssey imager, 
and afterwards analysis was performed using Image Studio Software (LI-COR Bioscience). After incubation with 
the secondary antibody and scanning of blots, they were stripped and re-incubated with MOP according to the 
same protocol. Depending on brain area analysed, some blots were then stripped for antibodies, and incubated 
with KOP (1:1000, Rabbit (polyclonal) κ-Opioid Receptor Antibody, Invitrogen (44302G)) for 1 h at RT and 
overnight at 4 °C. Note that as the hypothalamus-blots were the first immunoblots performed in the series, we 
first incubated them with the MOP-antibody alone, and next incubated with β-actin after stripping the blots for 
MOP-antibody. This was done for all hypothalamus blots simultaneously, and to verify that there was no overlap 
of the β-actin and MOP-bands. For the remaining tissues tested, however, we included both MOP and β-actin 
in the same round of staining, and for the KOP-blotting, the β-actin-analysis from the MOP-incubation was 
reused as reference for the individual samples. MOP-bands were determined at ~ 53 kDa, KOP at 43 kDa, and 
β-actin at ~ 42 kDa, as specified in the antibody-supplier information, and analysed using Image Studio Software 
(LI-COR Bioscience). For the KOP-antibody, for some immunoblots, there was an occurrence of an additional 
band at ~ 25 kDa, which was not specified in the antibody supplier information. Although using protease inhibi-
tor in the lysis buffer, this band is likely representing a degraded form of the receptor-protein, which have been 
presented before using both KOP- and MOP-antibodies127. This additional band was not analysed.

Data analysis and statistics. Animals were randomly allocated to surgical groups in co-housed pairs. 
No specific power analysis was performed in the current study. However, group sizes were calculated based on 
previous in house SNI experiments in which power analysis was applied. Statistical analysis was performed using 
GraphPad Prism version 5 (GraphPad Software, Inc., La Jolla, CA, USA) for the majority of the analysis (analysis 
of variance [ANOVA]). Analysis of co-variance [ANCOVA] was performed in IBM SPSS Statistics, version 24 
(IBM Corp.). P < 0.05 was considered statistically significant.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on 
reasonable request.
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