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Neuropathic pain, a type of chronic pain caused by injury or disease of the somatosensory system, affects ∼10% of the general population and is difficult to treat. It is strongly associated with mood disorder comorbidities and impairs quality of life. It was recently suggested that hypervigilance caused by chronic pain might be of advantage in some species, helping them avoid predators during injury when they are most vulnerable. Here, we sought to confirm the hypervigilance hypothesis by using two predator odor (PO) paradigms, one with transient and one with continuous odor presentation. We observed behavioral responses to PO in neuropathic and control mice in an open field setting. We find that neuropathic mice show hypervigilance to PO, confirming previous results. However, we also find increased anxiety responses to neutral odor in neuropathic mice, which manifests as maladaptive pain. This demonstrates that this maladaptive nature of pain could be an evolutionary adaptation aimed at reducing injury-induced vulnerability.
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1 Introduction

Acute pain is of enormous value to an organism. It facilitates timely responses to potential damaging stimuli, which results in avoiding injury. Pain also protects injured body parts from further damage and promotes healing. In addition, it empowers conditional learning for new environmental dangers (1). Hence, pain awards evolutionary advantages (2), while absence of pain reduces survivability (3). By contrast, chronic pain is pain that persists beyond the healing time of the injury or disease that caused it. Because of the decline in the quality of life it causes, chronic pain is considered maladaptive. This is intensified by comorbidities, such as disturbed sleep, anxiety, and depression. Indeed, patients suffering from chronic and neuropathic pain often display mood disorders with high prevalence (4–6). Epidemiological studies show increased severity of anxiety and depression symptoms in individuals with chronic pain compared with the general population (7). Cognitive impairment is also reported by patients with chronic pains (8), including difficulty with attention and reduced working memory performance (9, 10).

Recent preclinical research is challenging the concept that chronic pain is entirely maladaptive. Instead, it suggests that nociceptive sensitization and chronic pain might maintain an adaptive function. In squid, sublethal injury generates nociceptive sensitization that induces hypervigilance, mitigating the increased predator risk (11). This hypervigilance hypothesis has also been confirmed in mammals (12). Mice with neuropathic pain show increased avoidance of predator odor (PO) compartments in a short-route/long-route food reward test. Prey have evolved sensory adaptations to recognize and avoid predators. These include POs that cause stress and induce behavioral responses, such as increased vigilance, risk assessment behaviors, avoidance, and freezing (13, 14). POs from feces, urine, and skin contain chemical components such as 2,5-dihydro-2,4,5-trimethylthiazoline (TMT), 2-phenylethylamine, and other sulfur-containing compounds that elicit fear, avoidance, and other defensive behaviors in rodents (15–17). Odors stemming from herbivores, conversely, do not cause defensive behaviors in rodents (18).

Stress and pain are tightly linked. Pain itself is a stressor, and anxiety is a comorbidity of chronic pain disorders. Stress on the other hand modulates pain, with acute stress inducing analgesia while chronic stress can cause pain hypersensitivity (19, 20). Behavioral responses to stressors in chronic pain conditions have not been well studied. Here we test how neuropathic pain influences anxiety-like responses induced by PO in mice. These experiments aim to further confirm the hypervigilance hypothesis of chronic pain.



2 Methods


2.1 Animals

All procedures were in accordance with the European Communities Council Directives 2010/63/EU and were approved by the local and institutional animal care and use committee. The experiments were carried out with 3–5-month-old male CD1 mice. Mice were divided into two surgery groups, sham operated and spared nerve injury (SNI) operated. All tests were performed between weeks 5 and 8 after surgery to ensure a chronic phenotype and the expression of anxio-depressive behaviors (21).



2.2 Spared nerve injury surgery

An adapted SNI, the spared tibial nerve injury, surgery was performed as previously described (22). The mice were anesthetized with 100 mg/kg Ketamine (Imalgene 1000, Merial, Germany) and 10 mg/kg Xylazine (Xylapan, Vetoquinol, France). The sural and common peroneal nerves of the left hindlimb were tightly ligated with a 6-0 silk suture (Medipac, Greece) and transected. The surgery in the sham group involved the same procedure without nerve ligation and transection.



2.3 Mechanical allodynia testing

Behavioral testing for neuropathic pain expression was performed a day before and at Week 5 after the surgeries. The plantar side of the left paw was stimulated with a set of eight Optihair2 von Frey filaments (Marstock, Germany) in the range 0.012–2 g. The 50% withdrawal thresholds were calculated using Dixon's up-and-down method (23).



2.4 Odor presentation

Open field activity was tested under two conditions: a continuous and a transient presentation of PO. In the continuous odor presentation experiments (n = 6 sham and n = 6 SNI), 200 μl of fox urine (100% concentration; Kieferle, Germany) or water (neutral control) was imbued into a cotton ball and placed within a stainless steel tea bag infuser and hang within a corner of the open field apparatus at a height of 30 cm from the floor throughout the recording. For the transient odor presentation, 250 μl of fox urine or water were sprayed using a commercial automizer spray bottle at a height of 10 cm above the open field apparatus within a 3–4 s period. Two fox urine concentrations were tested with two different groups of mice in the transient odor presentation experiments. One group was presented with a high (100%) fox urine concentration (n = 10 sham, n = 7 SNI) and another group with low (66.6% diluted with water) concentration of fox urine (n = 7 sham and n = 8 SNI).

Behavioral testing to PO was conducted at Weeks 6–8 after SNI/sham surgery. Each animal was tested with neutral odor (water) first and fox urine a week later. Fox urine presentation occurred only a single time for all animals.



2.5 Open field test

Mice were placed at the center of a 40 cm × 40 cm × 40 cm black plexiglass arena in a ventilated hood. The animals were habituated to the arena for 5 min. A 3-min period before odor presentation was used to normalize data. Movements of mice were video-recorded automatically by a camera mounted on top of the open field arena. Position tracking and distances traveled were analyzed with imageJ/FIJI software (National Institutes of Health) and macros developed in-house.



2.6 Light/dark test

The light/dark apparatus consisted of a two-chamber plexiglass box. The chambers were equally sized with dimensions 15 cm × 21 cm × 21 cm and one of the chambers was dark, while the other was exposed to light. A 6 cm × 6 cm opening connected the two chambers. The mice were placed in the dark chamber and left to explore for 5 min. The movements of mice were video-recorded and the time spent in the light compartment was manually scored. The light/dark test was conducted at Weeks 6–7 after the surgeries.



2.7 Open field behavior after acute restraint stress

Mice were tested in the open field two times, the first time without acute restraint and the second time, a week later, immediately after acute restraint. The open field test (OFT) lasted 10 min. For acute restraint stress, mice were immobilized for 20 min in plastic 50 ml falcon tubes in which breathing holes had been drilled. The acute restraint stress OFT experiments were conducted at Weeks 6–7 after the surgeries.



2.8 Statistical analysis

The behavioral data were analyzed by multivariate repeated measures ANOVA (rmMANOVA), two-way ANOVA with Sidak's multiple comparisons tests, and two sample t-test, using SPSS (IBM, USA) and Origin (OriginLab, USA) software. The data are expressed as mean ± SEM.




3 Results

Control mice (sham) and mice experiencing neuropathic pain (SNI, Figure 1A) were tested for mobility as a measure of risk assessment behavior when confronted with PO. The time course of their horizontal mobility in the OFT (Figure 1B) was recorded during continuous odor presentation. Fox urine was used as a PO while water served as a control odor. The analysis with rmMANOVA showed the main effect of time [F(3, 8) = 5.046, p = 0.03] and a time and odor interaction [F(3, 8) = 4.382, p = 0.042]. Sham animals presented with water showed a stable activity throughout the 8-min period of testing. Conversely, when presented with fox urine, sham mice showed a significantly increased mobility in the first minutes of fox odor presentation, which diminished over time to a significantly lower activity compared with the control odor (Figure 1B, green shades). This signifies increased risk assessment behavior in the beginning of PO presentation. The SNI mice did not show any differences between control odor and PO but retained a relatively stable activity throughout the odor presentation. Hence, while both sham and SNI mice reacted with increased horizontal activity in the first minutes to the fox odor presentation, activity in the last minutes of the odor presentation remained high in SNI mice in comparison with the sham mice (Figure 1B), indicating a reduced habituation. We also compared the fraction of time the mice spend in the proximity of the odor source (Figure 1C), as a measure of approach behavior. A main effect of surgery was found with rmMANOVA [F(1, 10) = 4.991, p = 0.049]. Indeed, SNI mice spent a larger proportion of time in the proximity of the fox odor source than sham mice [0.19 ± 0.01 vs. 0.13 ± 0.02, respectively, F(1, 10) = 5.467, p = 0.041]. Therefore, SNI mice showing increased approach behavior also indicates increased risk assessment behavior and hypervigilance.
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FIGURE 1
SNI and sham mice differ in their open field behavior to continuous presentation of predator odor: (A) sham surgery (left panel) does not produce mechanical allodynia [F(1, 42) = 2.298, p = 0.137, rmMANOVA with Sidak's multiple comparisons test] of the left hindpaw, while SNI surgery (right panel) produces mechanical hypersensitivity of the left hindpaw [F(1, 42) = 0.847, p < 0.01, rmMANOVA with Sidak's multiple comparisons test] at Week 5 after surgery. The asterisk denotes significant differences in the 50% threshold before and after surgery. (B) The mean time course (in 2-min bins) of the normalized distance traveled in the OFT is shown for sham (green shades) and SNI (red shades) mice presented with water (darker shades) and predator odor (PO, fox urine, lighter shades) throughout the test. * and # show significant difference between control (water) and fox urine in the sham group for the first and the last minutes, respectively, [F(1, 10) = 5.156, p = 0.047 and F(1, 10) = 7.710 p = 0.020, rmMANOVA with Sidak's multiple comparisons test] and shows significant difference in the last minutes of the PO presentation between the sham and the mice SNI [F(1, 10) = 14.974, p = 0.030, rmMANOVA with Sidak's multiple comparisons test]. (C) The fraction of time spent in proximity (within a 10 cm radius) of the odor source (water: dark shades, PO: light shades) for sham (green) and SNI (red) mice. * denotes significant difference between the sham and the SNI mice during PO presentation [F(1, 10) = 5.467, p = 0.041, rmMANOVA with Sidak's multiple comparisons test]. Experiments shown in (B) and (C) were conducted at weeks 6–7 after surgeries.


In a separate set of experiments, we assessed mouse mobility responses to short and transient PO presentation in sham and SNI mice. The horizontal mobility in the OFT was recorded before and after two different concentrations of fox urine and water control (Figure 2A). Furthermore, the analysis with rmMANOVA revealed a main effect of time [F(7, 50) = 8.116, p < 0.001] and an interaction between time and surgery [F(7, 50) = 3.202, p = 0.003], indicating differences in the behavioral responses of sham and SNI mice. The sham mice responded transiently to odor presentation with an increase in horizontal mobility that lasted 1–2 min (Figure 2A). This response was concentration-dependent, following an inverse U-shape. Indeed, analyzing the horizontal activity for the first 30 s after odor presentation, horizontal activity is significantly larger with low concentration fox urine compared with the water controls (Figure 2B). The response to a high fox urine concentration was smaller in amplitude than the response to a lower concentration, but it was not significantly different. The SNI mice responded with a delayed horizontal activity increase to the transient presentation of water and low fox urine concentration. The responses to water peaked 4 min after application, while the responses to low fox urine concentration peaked 2 min after presentation (Figure 2A). The mean mobility increase of the SNI mice to low fox urine tended to last for several minutes. When comparing responses for the first 30 s after odor presentation, the mobility increase in response to the high fox urine concentration was significantly different from that to water control in the SNI mice. In addition, the responses to water and low fox urine concentration differed significantly between SNI and the sham mice (Figure 2B). This exemplifies further that neuropathic mice respond differently to predator stress.
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FIGURE 2
Concentration-dependent open field responses to transient presentation of PO: (A) mean timeline of per-minute horizontal mobility before and after transient presentation of water (pink), low (purple) and high concentration (blue) of PO for sham (left panel), and SNI (right panel) animals. (B) Normalized distance traveled in the OFT in the first 30 s after transient odor presentation. The sham mice (green) responded differently (p = 0.028, two-way ANOVA with Sidak's multiple comparison test) to low PO (66.6% fox urine) concentration compared with water, while in the SNI mice (red) the responses to high PO (100% fox urine) concentration were significantly different from that to water (p = 0.018). Responses to water (p = 0.015, two-way ANOVA with Sidak's multiple comparison test), and low concentration fox urine (p = 0.002) were significantly different between the sham and the SNI mice. Asterisks signify statistical differences. Experiments in A and B were conducted at Weeks 7–8 after the surgeries.


To identify if the levels of anxiety differed in the SNI and sham mice, we used the light/dark test (Figure 3A). SNI mice spent a significantly smaller ratio of time (0.39 ± 0.02, n = 10) in the light compartment in comparison with the sham mice (0.53 ± 0.04, n = 8, p = 0.004), indicating an increased level of anxiety in neuropathic pain. In addition, we used a different stressor to assess differences in the open field behavior of SNI and sham mice (Figure 3B). Analysis with rmMANOVA showed a main effect of acute restraint stress on total mobility [F(1, 26) = 7.541, p = 0.011]. Specifically, sham mice traveled a total distance of 62.6 ± 3.6 m in the OFT, in control conditions, but the total distance traveled significantly decreased after acute restraint stress (50.9 ± 4.3 m, p = 0.003, n = 15). Conversely, the SNI mice did not show significant differences between control and acute stress conditions in the total distance traveled (59.1 ± 3.8 m and 56.2 ± 4.6 m, respectively, p = 0.47, n = 13). Hence, neuropathic pain influences stress responses globally, independent of the nature of the stressor.
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FIGURE 3
The differences in the light/dark test and acute restraint stress-induced open field behavior in the SNI and the sham mice. (A) The ratio of the time mice spent in the light compartment to that spent in the dark compartment is shown. The SNI mice spent less time in the light compartment (asterisk indicates a significant difference, p = 0.004, t-test). (B) The total distance traveled by the sham (green) and the SNI (red) mice for a 10-min period in the open field apparatus without (CTRL) and with prior restraint (Stress). The asterisk denotes significant difference in the open field behavior after acute restraint stress in the sham mice (p = 0.003, rmMANOVA). The experiments were conducted at Weeks 6–7 after the surgeries.




4 Discussion

We demonstrate that exposure to PO evokes different behavioral responses in mice with neuropathic pain, suggesting an altered processing of threat stimuli in chronic pain. Environmental stimuli that signal threat elicit defensive and anxiety-related behaviors in organisms, aiming at avoiding harm (24). These behaviors include freezing, avoidance, flight, risk assessment, and defensive attack. The particular pattern of behavior triggered dependents on several different factors like the nature of the stimulus, the distance of the stimulus source, the stimulus dynamics (for example static or moving), the specific situation, and the species. In our study, we used fox odor as a predator stimulus. Fox is a predator for mice, and mice respond to fox feces and its component 2,4,5-trimethylthiazoline with increased avoidance (25). Increased avoidance of fox urine in mice has been shown to be concentration-dependent (12). Avoidance has also been observed to fox and other predator species’ urine component 2-phenylethylamine (26). Similar results have also been reported in rats (18, 26).

We observed a complex pattern of behaviors to the presentation of fox urine in sham mice. In the beginning, these mice displayed increased mobility, a behavior reminiscent of risk assessment and vigilance, behaviors employed to detect and localize predators (13). Following this, the mice showed decreased mobility, indicating reduced exploration and a fear reaction, after recognition of the odor and predicting the presence of a predator. Decreasing risk assessment behavior with time has been shown in mice (27). Unlike other studies, we did not find increased avoidance of the fox urine area over the water controls in the sham mice. In our experiments, mice showed a comparable fraction of time approaching the odor area. This could be because of the differences in the experimental setup. We placed the source of fox urine at a distance from the floor. The distance to the threatening stimulus can be a determinant of the type of defensive response (28), with more distant threat sources triggering mainly risk assessment behavior. The use of ventilation with the OFT apparatus in our experiments could influence the dynamics of the stimulus by moving the scent away, which could influence the type of behavioral response. Indeed, threatening stimuli dynamics can dictate the freezing or fleeing response in mice, with a looming visual stimulus causing fleeing while a sweeping visual stimulus induces freezing (29). The use of a black-colored OFT apparatus might provide for a higher sense of security for the mice, thus showing more risk assessment behavior than avoidance or freezing. Another factor influencing the behavioral responses could be odor concentration; lower amounts of cat body odor, for example, do not significantly decrease contact with the odor source in rats (30). In our experiments, we did not observe freezing behavior with PO exposure. This might be owing to the mouse strain used in this study, as CD1 mice have been shown to exhibit decreased freezing during fear experiments (31).

The response of neuropathic mice to PO differed from sham controls by showing a sustained mobility pattern throughout the experiment, indicating a prolonged risk assessment behavior. This is also confirmed during the brief PO presentation in which SNI mice show a prolonged mobility response with the low fox odor concentration in comparison with the transient response of the sham mice. In addition, SNI mice show an increased approach behavior to the PO area. According to some investigators, approaching danger and risk assessment is a consequence of anxiety while the avoidance of danger and flight are the functions of fear (32). Consequently, the increased duration of risk assessment and increased approach behavior in SNI mice could be an expression of higher anxiety.

Our experiments with transient odor presentation show that there is a concentration dependence of the behavioral responses in both sham and SNI mice. However, the pattern of the dependence was different. In sham mice, the highest behavioral response was observed with low concentration of PO, while diminished responses were observed with absence of PO and high concentration odor. In the low concentration presentation, PO is a signal of higher ambiguity that probably draws higher attention and increased investigation and information-gathering (24). In the control odor presentation, mice probably recognize the absence of actual danger readily and cease risk assessment behaviors. Similarly, in the higher concentration, PO is less ambiguous and therefore rapidly recognized, while the transient nature of the signal probably leads to a rapid habituation of the behavior. In SNI mice, the absence of PO and low concentration odor showed a delay in the behavioral response, which also lasted longer, with the response to control odor peaking later than that of the low concentration PO. Only the high concentration PO showed a sharp transient response similar to that observed in sham mice. The lack of a response in the first minutes of low concentration odor could indicate a diminished response to the salient stress stimulus. A similar lack of response was also observed in the SNI mice with acute restraint stress, implying a general impact of neuropathic pain on stress responses. Such a behavioral blunting is common in depression (33). The lack of response initially and its delayed emergence could also be interpreted as a conflict between stress-induced analgesia (19) and chronic pain-induced mood comorbidities. The increased duration of the low concentration and control odor responses in the transient odor presentation experiments, together with the increased duration and approach behaviors in the continuous odor presentation experiments, is an indication of hypervigilance in the SNI mice. Hypervigilance to PO has been shown in neuropathic mice (12). They avoid the short route containing fox odor in favor of a long route toward a food reward at a higher rate than control mice. In non-mammalian species, hypervigilance also contributes to the avoidance of predators, resulting in curtailing of the increased vulnerability after injury (11). This suggests that hypervigilance during chronic pain has been evolutionarily favored by natural selection (34). Hence, for many species that are targets of attacks by predators or conspecifics, hypervigilance during chronic pain presents adaptive values. Conversely, most humans living in the modern world do not face predators or other threatening stimuli in everyday life. In the absence of predators and danger, hypervigilance equals heightened anxiety, with ambiguous and non-threatening stimuli raising the alarms. It should be noted, however, that socioeconomic stratification in human societies, which is affecting access to healthcare, safety, and nutrition, could also exacerbate pain and have an impact on vulnerability to anxio-depressive comorbidities (35, 36). In our experiments, the SNI mice showed responses to control odor presentation very similar to PO. This included prolonged mobility responses and increased approach behavior, which indicates that the SNI mice perceive controlled, non-threatening odors as an ambiguous signal, not recognizing the absence of danger, which is a manifestation of anxiety. Research on the expression of anxiety as a result of chronic pain in preclinical models has displayed conflicting and divergent results (37), with some research showing a lack of association between chronic pain and anxiety in mice (38). However, other research has demonstrated a time dependence in the expression of anxiety in chronic pain models (21, 39–41), with anxiety and other mood disorders appearing weeks after sensory changes. In our experiments, which were conducted weeks after nerve injury, the SNI mice show an increased preference for the dark compartment in the light/dark test, confirming increased anxiety with chronic pain. Anxiety disorders and depression show a strong comorbidity with chronic pain in humans (42–45). Our results reinforce the notion that chronic pain mechanisms might be a result of evolutionary forces aimed at survivability from predators, which might have lost its adaptive value in the modern world and became maladaptive. Better understanding the mechanisms linking chronic pain to mood disorders could therefore be important in improving the treatment of patients with chronic pain.
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