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The influence of rat strain

on the development

of neuropathic pain and comorbid
anxio-depressive behaviour

after nerve injury

Sara Hestehave'%3™, Klas S. P. Abelson?, Tina Brennum Pedersen?, David P. Finn*,
Daniel R. Andersson® & Gordon Munro®

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 mechanisms'. 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 analgesics®. 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 pain®.

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 injury*®. Conversely, chronic pain has variously
been reported to be intrinsically linked to an increased incidence of anxiety and depression in pain patients’. A
growing body of evidence suggests that anxiety- and depressive-like behaviours may also occur in animal models
of neuropathic pain'®. 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
rodent'!, choice of nerve injury model'?, or even laterality/side of injury’® 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-injury!*!*, while others have failed to confirm this',
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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:'”->*), 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 field*.

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 naive rats
to nociceptive stimulation, and thereafter in their functional responsiveness to inflammatory- and neuropathic-
injury®*?. Furthermore, we also reported that the p-opioid receptor agonist morphine possessed distinct anal-
gesic profiles across various inbred and outbred rat strains both in the absence and presence of tissue injury?.
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 anxiety®*’, 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
affect®1-*>. 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 analgesia®.

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 (Frsicol1,330] =94.24, P<0.0001. Fpsyypy(1,330] =11.57, P=0.0039.
Fyiy[1,352] =134.7, P<0.0001. Fgp[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 rats**. 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-E

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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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 (cm?); 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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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.

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 (Fpzq/1c0[6,90]=8.684, P<0.0001. Frsyypy[6,90] =25.53, P<0.0001.
Fiewl[6,96] =6.169, P<0.0001, two-way (surgery*time) RM ANOVA).
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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 (F,pen[4,75] = 11.63, P<0.0001. Fy.eq[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 (Frsyy1c0[1,13] =6.043, P=0.029,
Fragupul1,13]1=9.051, P=0.010, Fyky[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 (Fgp[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)) (Fsp[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 anhedonia®, 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.

Fecalcorticosteroneandimmunoreactive corticosteronemetabolitesandorganweights.  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 AUC:s 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 (F,uena[4,74] =9.078, P<0.001, Fpyi0,[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 (Fyiiary[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. p 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 SNIvs 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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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.

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.

Kk 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
landscape*!. 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 condition®***. 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 study®, 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 laboratories*~*%. 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 group* and others*®", gain of sensory function has also been reported'****, 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 subpopulations®*->2. Similarly, we have previously demonstrated clear differences in
development of neuropathic allodynia and pharmacologic sensitivity between outbred SD sub-strains®.
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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, B-actin;
D.IT) and amygdaloid complex (E), presenting the MOP-bands at ~ 53 kDa, and B-actin at ~42 kDa. Data are
presented as mean + S.E.M. of the signal normalized to beta-actin in the sample. N=38.
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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 B-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 -actin in the sample. N=8.

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 factor>.
However, we think this is unlikely since all strains displayed similar SNI-specific postural changes with pronation
of the affected paw®>*°. Moreover, increased sensitivity to evoked stimuli is merely one sign amongst a myriad
of sensory changes experienced by neuropathic patients®’. A more predominant symptom for neuropathic pain
patients is spontaneous pain, which although more difficult to measure in animals***%, might be expected to
improve the translational utility of pre-clinical pain data®. Accordingly, dynamic gait-alterations occurring as a
consequence of injury in rodents have been suggested to represent a surrogate marker of spontaneous pain®*°!.
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
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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 rodents®**. 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 behaviour!*-152162- this outcome has been far from consistent'®7%-7>.
Time appears to be an important factor, as anxiety-behaviour rarely presents within the first couple of weeks a