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Abstract

Urine from pro-cestrus female rodents evokes increased levels of sexually-motivated behaviors in
males, including sniffing and scent marking of the urine spot as well as activation of brain reward
regions. Stressors such as social defeat can adversely impact urine scent marking behavior in male
rodents, an effect that can be mitigated with anti-depressant drugs. Persistent pain is also known to
be a potent stressor, producing elevated levels of plasma corticosterone as well as reduced sucrose
preference and reduced social interaction. However, the effect of persistent pain on sexually-
motivated behavior is unknown. Here, we compared urine scent marking behavior in male rats

for up to 3 weeks following intra-articular injection of Complete Freund’s Adjuvant (CFA) or
sham injection. CFA-injected rats exhibited profound and ongoing deficits in static weight bearing
capacity. CFA-induced persistent inflammatory pain increased plasma corticosterone levels and
reduced urine scent marking behavior in male rats. Moreover, while the vast majority of injured
rats showed decreased urine scent marking preference for the pro-cestrus female urine spot,

male rats with higher baseline scent marking preference also exhibited higher post-injury scent
marking preference, more sniffing behavior and lower levels of plasma corticosterone, compared
to those with lower baseline scent marking preference. Overall, scent marking behavior may be an
ethologically relevant behavioral predictor of persistent pain-induced stress in rats, representing a
novel translational approach to understanding chronic pain comorbidities.
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1. Introduction

Sexual/reproductive behaviors reflect one of the most potent natural drives, where loss of
sexual drive in humans may be a consequence of severe stress and/or mental illness reviewed
in [29,79]. Male rodents are potently attracted to urine from pro-estrous females [21,47],
resulting in activation of brain reward regions in these males [47]. In rats and mice, the
social defeat paradigm is considered to be a model of chronic stress and/or depression
[12,23,34], and has been shown to reduce sexually-motivated urine scent marking behavior
in male mice in a fluoxetine-dependent manner [44]. In humans, chronic pain is also
considered to be a potent stressor [74,76] that can lead to comorbid depression [1,2] and

as well as reduced sexual drive [53]. Indeed, among the most severely impacted portion of
the chronic pain population are those experiencing comorbid depression [75]. In rodents,
persistent pain following nerve injury or adjuvant-induced inflammation is a known stressor
that can increase plasma corticosterone [43,60], depression-like behavior [78], anxiety-like
behavior [55,59,67,78] and anhedonia (i.e. reduced sucrose preference [30]). However, very
little is known about the effects of persistent pain on rodent sexual behavior.

We hypothesized that scent marking behavior will be reduced in male rats experiencing
persistent adjuvant-induced inflammation. Considering that depression is seen in only a
subset of the chronic pain population (20-35%) [19,51,73], we further hypothesized that
injured rats will also exhibit inter-individual variability in the degree of scent marking
behavior post-injury. In humans, pre-surgical affective states have been linked with
persistent post-surgical pain [15,26,58,62,72],reviewed in [33] and mood disturbance [58].
While no link between pre-injury affective states and post-injury pain or affect has been
reported in rodent models of chronic pain, there is some evidence for such a relationship in
models of chronic stress [13,42,44,65,70]. Therefore, using a model of persistent hind limb
inflammatory pain, we assessed whether or not post-injury outcomes such as pain, stress
and urine scent marking were associated with baseline (pre-injury) scent marking behavior.
Taken together, we sought to assess the effects of persistent pain on urine scent marking, and
to determine if basal scent marking behavior was predictive of post-injury outcomes.

2. Methods

2.1. Animals

A total of 26 male Long Evans rats (Charles River) between 250-275 g were used for

all experiments (n = 12-14/group). Rats were kept on an inverted 12 h/12 h light/dark
cycle (lights out at 9am) and were only tested during the early portion of their waking
cycle. All animals were pair-housed with a cage mate of the same experimental group and
given free access to food and water. Each cage was randomly assigned to either the sham
or injured experimental conditions. We opted to randomly assign each cage to either the
sham or injured condition in order to avoid the potential disruption of dominant-submissive
hierarchies that could occur by mixing experimental conditions within the same cage.
While experimenters were blinded to the experimental condition, hind limb swelling in the
injured group was evident during assessment of weight bearing capacity. Experimenters
were blinded to the experimental condition for analysis of plasma corticosterone, scent
marking and all video analysis. Each behavioral procedure was always performed by the
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same male experimenter. Animals were habituated to each experimental apparatus for 15-30
min on three consecutive days prior to baseline testing. All protocols were reviewed and
approved by National Institute of Neurological Disorders and Stroke/National Institute on
Deafness and other Communication Disorders Animal Care and Use Committee (NINDS/
NIDCD ACUC). Experiments were in accordance with the NINDS/NIDCD ACUC and the
International Association for the Study of Pain (IASP) guidelines for the care and use of
experimental animals.

Peripheral inflammation

A total of 25ul of Complete Freund’s Adjuvant (CFA; 1 mg/ml Mycobacterium tuberculosis,
Sigma Alderich) was injected into the tibial-tarsal joint of the left hind paw in isoflurane-
anesthetized (5% in O,) rats according to the method described in [60]. Control (sham)
animals underwent the same procedure including needle insertion but without irritant
injection in order to prevent potential volume-related damage to the ankle joint. Animals
were immediately returned to their home cage for observation.

2.3. Weight bearing

Static weight bearing capacity was measured with an Incapacitance Meter (1ITC Life
Science, model 600). Similar to humans with a painful injury to the ankle or knee, the

static weight bearing assay reflects the rodent’s unwillingness or incapacity to bear weight
on the injured limb. As such, it can be considered an ethologically relevant measure of
mechanical hypersensitivity within the injured joint rather than on the skin. To measure
static weight bearing, we used a commercially available device (Incapacitance Meter, IITC
Life Science, model 600) and employed a commonly used approach [8,60]. Briefly, the

rat was placed on an inclined plane within a small transparent Perspex enclosure where

its tail was gently held to minimize excessive movement. When the animal had finished
exploring the enclosure and hind paws were stably resting on the two strain gauges, the
measurement was taken, expressed as the proportion of total weight placed on the ipsilateral
and contralateral hind paws. Three measurements of 5 s each were recorded for each animal
and a mean was calculated. The entire procedure lasted no more than approximately two
minutes for each animal. For analysis, weight bearing was expressed as the proportion of
ipsilateral to contralateral scores. A proportion of 1 reflects equal weight bearing capacity on
both hind paws.

2.4. Urine scent marking

We compared urine scent marking behavior in male rats (n = 12 sham; n = 14 CFA) at
baseline and weekly for the three weeks following CFA injection (Fig. 1A). Briefly, 0.1 ml
of urine pooled from 6 female rats in the pro-estrous stage was blotted onto an absorbent
paper uniformly covering the floor of a large (45 x 60 cm), grey acrylic arena (Fig. 1B). The
female urine spot was marked with pencil to differentiate it from urine deposited by the male
rat during testing. Male rats were placed individually into the arena and allowed to scent
mark for 10 min and then returned to their home cage. The paper was immediately removed,
air-dried overnight and stained with ninhydrin (Tritech Forensics, Southport, NC), which
stains the amines found in urine. Dried sheets were imaged using a large format scanner

and analyzed for urine-marking area in a circular region (25 cm diameter) around the female
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urine spot as well as in the remaining area. A representative example of scent marking from
an uninjured male rat can be seen in Fig. 1C. The primary outcome was marking preference,
based on the area of marking in the circular zone around the female urine spot compared

to the remaining arena (Fig. 1C). Specifically, because the circular zone around the female
urine spot is 4.5 times smaller than the remaining arena, the preference score is defined as
scent marking area (or time spent in the circular zone) multiplied by 4.5, all divided by
scent marking area (or time spent) in the remaining arena; Fig. 1C). A marking preference
greater than 1 corresponds to a preference for the female urine zone, while a score of 1
reflects chance or random behavior. A preference score of less than 1 represents active
avoidance of scent marking in the female urine zone. To assess the predictability of baseline
marking preference on post-injury outcomes, the mean baseline marking preference score
was calculated from all rats (x = 2.13) and used to define the low and high baseline marking
preference groups. To measure time preference for the female urine zone, sniffing behavior
of the female urine spot and locomotion (total distance covered in the arena), movement of
each rat within the arena was recorded with a video camera and analyzed using TopScan
software (CleverSys, Inc).

Plasma corticosterone

Plasma corticosterone was assessed twice; once at baseline and again at week 3 post-CFA,
using an enzyme-linked immunosorbent assay (ELISA; Enzo Life Sciences kit #ADI-900-
097). As described previously [60], rats were placed in a soft folded towel (new towel for
each rat) where they were gently restrained. A small 0.5 mm incision to the tip of the tail
was made, from which 20-30 pl of blood was harvested using heparin-treated capillary
tubes. The entire procedure lasted approximately 2 min and was performed between 9-11
a.m. Blood samples were kept at 4 °C until centrifugation (2 min at 16,000RPM; Iris
CritSpin) to separate plasma from serum. Plasma was pipetted into individually labeled
sample tubes and stored at —80 °C until ELISA processing. Plasma levels of corticosterone
were assessed according to the small sample volume instructions from Enzo Life Sciences
kit #ADI-900-097. Briefly, samples were brought to room temperature and 10 pl of each
sample was diluted (40:1) with assay buffer. 100 ul of samples and standards were pipetted
into the appropriate wells of the ELISA plate. Conjugate (50 ul) and antibody (50 pl) were
added to each well and incubated in darkness for 2 h on a shaker (500 RPM) at room
temperature. The plate was then washed 3 times with washing buffer and gently tapped

on an absorbent paper to remove remaining moisture. A total of 200 pl of p-nitrophenyl
phosphate substrate was added to each well and incubated in darkness for 1 h at room
temperature without shaking. Then, 50 pl of “stop” solution was added to each well and the
absorbance was immediately measured with a Wallac 1420 model plate reader with a 405
nm filter. All samples, controls and standards were measured in duplicate. Plasma levels
of corticosterone were expressed in picograms/milliliter (pg/ml). One plasma sample for a
sham rat was lost.

2.6. Statistical analysis

Statistical analysis was performed with GraphPad Prism. Two-way mixed design repeated
measures ANOVA (time as a within-subjects factor and experimental group as between-
subjects factor), Pearson correlation or Chi Square (Xz) analyses were used where indicated.
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Normality of group distributions was assessed with the D’ Agostino-Pearson test. In some
cases, data sets did not pass normality testing. Therefore, the Mann-Whitney U, a non-
parametric test that does not require the assumption of hormal distributions, was used

to assess group differences following two-way mixed design repeated measures ANOVA.
Results are reported as mean + standard error. For XZ, an increased marking preference

was defined as post-injury marking preferences greater than 100% of baseline marking
preference. All post-injury marking preference scores less than 100% of baseline were
considered as decreased. In no cases were post-injury marking preference scores equal to
100%. Descriptions of statistics and outcomes for these analyses can be found in Table 1. In
all cases, p < 0.05was considered significant.

3. Results

While weight bearing capacity of the sham rats remained at baseline levels for the duration
of the study, two-way mixed design analysis of variance (ANOVA) shows that the CFA
group exhibited persistent weight bearing deficits at all post-injection time points (Fig.

2A; Table 1). Considering that CFA-induced inflammation can, over time, lead to deficits
in affective behavior [55,59,67,78] and elevated stress [43,60], we assessed the effects of
CFA-induced inflammatory pain on plasma corticosterone (Fig. 2B). While comparable at
baseline, week 3 plasma corticosterone level for the CFA rats (1362.0 + 156.2 pg/ml) was
significantly higher than that of the sham group (676.7 = 88.7 pg/ ml; Fig. 2B, Table 1).
However, week 3 post-CFA corticosterone levels in both the CFA and sham groups were
not significantly different from their respective baseline levels. Chi square analysis indicated
that while plasma corticosterone levels tended to decrease between baseline and week 3 in
shams, they increased in the CFA group (Fig. 2C; Table 1).

In terms of scent marking behavior, the sham group exhibited robust marking preference for
the female urine zone at baseline and for all three post-injection weeks (Fig. 3A; Table 1),
demonstrating a preference for marking in the female urine zone compared to the remainder
of the arena. However, while the CFA group exhibited a similar preference for the female
urine zone at baseline and for two weeks after injection, a significant reduction was observed
at three weeks (Fig. 3A; Table 1). Chi square (Xz) analysis indicated that compared to the
sham group, significantly more CFA-injected rats exhibited a reduced marking preference
at the 3-week time point (Fig. 3B; Table 1). Indeed, while 12 of the 14 CFA-injected rats
exhibited a decrease in scent marking behavior at 3 weeks post-injection (Fig. 3C), only 6
of 12 rats in the sham group showed a decrease at 3 weeks (Fig. 3D). Interestingly, while
none of the rats from the sham group exhibited active avoidance of the female urine zone at
the 3-week time point (i.e. marking preference < 1; Fig. 3D), 4 out of 14 CFA-injected rats
actively avoided the female urine zone at the 3 weeks (28.6%); Fig. 3C).

Fig. 3E illustrates the raw scores for scent marking area in the female urine zone and the
remaining arena.

In addition to marking preference, we also assessed other outcomes (Fig. 4A-F). CFA-
injected rats exhibited a significant increase in ankle width at one-week post-CFA (Fig. 4A;
Table 1). In addition, rats in the CFA group gained weight at a significantly slower rate than
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sham rats (Fig. 4B; Table 1). In terms of total distance covered, a significant main effect
for time indicates that, overall, rats covered less distance over time. However, rats in the
CFA group covered significantly more distance than shams at week-2 and to some extent
at week-3 post-CFA (Fig. 4C; Table 1). In terms of total marking area, a significant main
effect for time indicated a decrease in the total area of urine deposited in the arena (Fig.
4D; Table 1). However, no significant differences were observed between sham and CFA
groups at any time point, suggesting that the inflammation-induced reduction in marking
preference is a function of where the rats choose to mark (i.e. zone versus arena) rather
than how much they mark overall. Baseline time preference for the female urine zone was
close to chance level in both shams and CFA groups (Fig. 4E), indicating that rats spent
proportionately equal amounts of time in the female urine zone as in the rest of the arena.
While the time preference seemed to increase slightly over time, no main effect for time or
group was found, and there was no significant difference between sham and CFA groups at
any time point (Fig. 4E; Table 1). In terms of time spent sniffing the female urine spot, both
sham and CFA groups exhibited similar amounts of time sniffing the urine spot at all time
points (Fig. 4F; Table 1).

While pre-surgical affective state is predictive of chronic post-surgical pain in humans
[26,62,72]; reviewed in [33], we did not find a correlation between baseline scent marking
preference and week 3 wt bearing capacity for the CFA group (Fig. 5A; Table 1). To
determine if severity of CFA-induced weight bearing deficits were related to week 3
marking preference or corticosterone level, we assessed the relationship between week-3
wt bearing and week-3 scent marking or corticosterone: Neither scent marking nor
corticosterone were correlated with weight bearing at week-3 time points (Table 1). We
also assessed the relationship between baseline scent marking and week-3 measures of
total marking area, distance, marking preference, sniffing and time preference, but no

other significant correlations with baseline marking preference were observed (Table 1).
There was a non-significant trend toward a relationship between week-3 corticosterone

and week-3 ankle width in the CFA group, where higher corticosterone appeared to be
related to smaller ankle width (Fig. 5B; Table 1). While no correlation was found between
week-3 corticosterone and week-3 marking preference (Fig. 5C; Table 1), CFA-injected rats
exhibiting active avoidance of the female urine zone (i.e. marking preference less than 1)
seemed to have relatively high levels of plasma corticosterone. We did observe a significant
correlation between baseline marking preference and week-3 corticosterone (Fig. 5D; Table
1). Therefore, we grouped CFA-injected animals into either low or high baseline marking
preference (i.e. either less than or more than the mean basal marking preference of 2.13;
Fig. 5E) and assessed post-injury outcomes. High versus low baseline marking preference
groups did not identify differences in ankle width (Fig. 5F; Table 1), body mass (Fig.

5G; Table 1), weight bearing (Fig. 5H; Table 1), total distance (Fig. 51; Table 1), total
marking area (Fig. 5J; Table 1) or time preference (Fig. 5K; Table 1). However, in terms

of scent marking preference, high versus low baseline marking preference groups remained
significantly segregated at 3 weeks post-CFA, where high baseline markers remained high at
week-3 post-CFA (Fig. 5L; Table 1). In addition, they also identified significant differences
in week-3 sniffing behavior (Fig. 5M; Table 1) and plasma corticosterone level (Fig. 5N;
Table 1). Therefore, while basal scent marking does not appear to be predictive of post-
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injury hypersensitivity, it is predictive of post-injury stress-related outcomes and sexually-
motivated behavior, whereby CFA-injected rats in the higher baseline marking preference
group exhibited lower plasma corticosterone at three weeks post-injury, along with more
sniffing behavior and greater marking preference for the female urine zone.

4. Discussion

Considering that the number of pain studies using awake, behaving rodents has been
steadily increasing over the last 40 years [52], there is an urgent need for improved
translational validity of pre-clinical research [4,32,61]. While some common mental

health comorbidities of the human chronic pain condition are mirrored in rodent models

of persistent pain [11], a better understanding of the impacts of persistent pain on
ethologically relevant rodent behaviors such as sexual/reproductive behaviors may improve
pre-clinical research outcomes. In most mammals, males use urine scent marking to
demarcate territorial boundaries as well as to signal dominance, health and reproductive
status reviewed in [10,28,36]. Indeed, male mice will preferentially scent mark over and
around urine specifically from pro-cestrus females [9], an effect that is diminished in a
fluoxetine-dependent manner following social defeat stress [44]. Moreover, scent marking
preference in mice is closely aligned with social interaction [44] (an assay often used to
measure stress resilience [41]) and sucrose preference [44] (a well-known rodent assay of
anhedonia [77]). Here, we assessed the impact of persistent inflammatory pain on urine
scent marking behavior in rats. We found that male scent marking preference for the
female urine zone was reduced three weeks after induction of CFA-induced inflammation,
in line with studies showing reduced sexual behavior in rodent models of chronic stress
[14,20,27,31,35,44,63,64]. On the other hand, our findings do not correspond with Farmer
et al., who show that female mounting behavior in zymosan or carrageenan-injected male
mice was equivalent to vehicle-injected males [25], suggesting that acute/sub-chronic pain
does not influence sexual behavior in male mice. Numerous methodological differences
between our study and Farmer et al. [25] may explain these apparently divergent results
(i.e. species, pain model and behavioral testing approaches). However, the most crucial
differences involve pain duration and the nature of the different outcome measures. With
regard to pain duration, considering that we did not observe CFA-induced effects until three
weeks post-injection, it seems reasonable that Farmer et al. did not observe any changes in
sexual behavior at the 3—4 hours post-injection time point used in their study [25]. Indeed,
our results clearly show that scent marking preference was unaffected until week 3 post-
CFA, indicating that a substantial amount of time with pain is required to alter this form of
sexually motivated behavior. In terms of mounting behavior versus scent marking behavior,
while both are related to sexual reproduction, they likely differ in many other respects and
may not be similarly impacted by persistent pain. Just as persistent CFA-induced pain may
have differing effects on measures or sub-measures of anxiety-like behavior (i.e. open field,
elevated plus, light/dark box) [59], persistent pain may not affect mounting behavior in the
same way as it affects scent marking behavior.

In addition to urine scent marking behavior, we also measured the males’ sniffing behavior
of the female urine spot. We found that while scent marking behavior decreased by three
weeks post-CFA, no change in sniffing behavior was observed at any time point. This is
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in contrast Malkesman et al. [47] who showed that sniffing behavior was reduced 24 h
after a learned helplessness paradigm involving electric shock. Our study is different from
Malkesman et al. in a number of ways. Firstly, we monitored sniffing behavior during a
much later time frame (1-3 weeks post-CFA) where potential early changes in sniffing
may have resolved. It is also possible that CFA-induced persistent inflammatory pain and
electric shock-induced learned helplessness have differential effects on sniffing behavior.
As such, the findings described in Malkesman et al. cannot be directly compared to our
findings. Another potential difference between sniffing behavior and urine scent marking
behavior is important to note: While sniffing the female urine spot may reflect a purely
passive, appetitive behavior, urine scent marking is an active communicative behavior that
may identify the male rat as willing to compete for access to the female. We speculate that
while the CFA-injected male rat may certainly continue to be interested in the female urine
spot during persistent pain states (i.e. continued sniffing), it’s willingness to compete for
access to the female may be attenuated (i.e. reduced scent marking) even in the restricted
environment of our testing arena. However, this hypothesis requires experimental validation.

In the context of stress, elevated corticosterone is generally interpreted as a marker of
stress [22,37]. Persistent pain can alter corticosterone levels in rodents [43,60] but see
[3,78] and cortisol in humans [76]. Moreover, sustained stress reviewed in [22,49,57,66] or
sustained elevation of circulating corticosterone [46,68,81] can eventually produce anxiety-
and depression-like behavior in rodents. In rodent models of persistent pain, delayed

onset of anxiety- and depression-like behaviors after injury has been repeatedly shown
[45,59,67,78,80]. Considering that depression has been described as “an end product of
failed adaptation to chronic emotional stress” [57], the delayed effects of CFA-induced pain
on scent marking preference may reflect a diminished capacity to cope adaptively to an
ongoing stressor, possibly leading to the onset of depression- or anxiety-like behavior.

In addition to changes in scent marking, we also showed that plasma levels of the
stress-related hormone corticosterone were significantly greater than shams three weeks
after CFA. While comparisons with baseline corticosterone levels were not statistically
significant for either the sham or CFA groups, corticosterone levels in the sham group

did appear to decrease between baseline and week 3, and the corticosterone levels in the
CFA group appeared to increase. Given that the corticosterone response is well known

to decrease with repeated exposure to a stressor [5,18,39,56], it is possible that the
apparent reduction observed in our sham group represents ongoing acclimation to the blood
sampling procedures and environment. As such, the statistically significant difference in
corticosterone levels between the sham and CFA groups at week 3 to some extent represent a
failure to habituate to the experimental procedures/environment.

In another vein, given that corticosterone may evoke either anti-inflammatory or pro-
inflammatory effects in some contexts reviewed in [69], another potential explanation
could be that CFA-induced increase of corticosterone could alter the degree of peripheral
inflammation. Indeed, there was a non-significant trend toward decreased ankle width in
rats with higher week-3 corticosterone, suggesting that under these experimental conditions
corticosterone may exert anti-inflammatory effects. Nonetheless, other studies have noted
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that the level of stress-induced corticosterone had no effect of CFA-induced peripheral
inflammation, as measured by paw volume [16,17].

Given that 20-35% of the human chronic pain population reports comorbid depression
[19,51,73], it seems reasonable to expect that some level of inter-individual variability in
scent marking behavior may occur in rodent models of persistent pain. Indeed, despite

the overall decrease in marking preference three weeks after CFA, approximately 29% of
the CFA group exhibited active avoidance of scent marking in the female urine zone (i.e.
marking preference less than 1), whereas 71% retained a positive marking preference for
the female urine zone. Interestingly, those CFA-injected rats that actively avoided marking
within the female urine zone also exhibited relatively high levels of plasma corticosterone.
These results seem to indicate that the degree of impact in rodents may be as variable as

in human chronic pain patients, where some individuals are more severely impacted than
others. In this context of inter-individual variability in post-CFA outcomes, we further show
that pre-injury marking preference is associated with post-injury scent marking and stress,
but not pain. Specifically, rodents with high baseline scent marking preference also exhibited
high post-injury marking preference, more time sniffing the female urine spot as well as
lower levels of the stress hormone corticosterone. However, no difference in post-CFA
weight bearing capacity was found. In other words, rodents with higher basal scent marking
preference seem to show greater stress resilience in spite of ongoing pain.

Pre-surgical affective states such as anxiety are related to post-surgical pain ratings in
humans [15,26,58,62,72],reviewed in [33]. Nonetheless, evidence from a rodent model

of neuropathic pain indicates that pre-injury affective behaviors do not predict the level

of post-injury pain [40]. While CFA-induced inflammation is not considered a model of
post-surgical pain, we, too, found no relationship between pre-CFA marking preference and
post-CFA hypersensitivity. This apparent disagreement between human and rodent findings
may be related to time course and/or species differences, as well as to a potential lack

of homology between rodent pain assays and the measures used in humans (i.e. weight
bearing capacity in rodents may not necessarily translate into self-reported pain ratings in
humans). On the other hand, the association between baseline marking preference and post-
injury stress is consistent with a number of rodent studies showing that baseline anxiety,
pessimism-like behavior, social status, sucrose preference and scent marking preference
can predict resilience/vulnerability to subsequent social defeat stress [13,39,42,44,65,70].
Overall, our findings suggest that basal scent marking may be a predictor of resilience

or vulnerability to CFA-induced persistent inflammatory pain, akin to human studies
demonstrating that the level of pre-surgical affective disturbance is the best predictor of
post-surgical affective disturbance [50,58].

In terms of limitations, of primary concern is that the scent marking preference approach
described in this study was examined in males only. Given that persistent pain is more
prevalent in females [38,54], follow-up studies should address female scent marking
preference. Indeed, research from the 1970’s and 1980°’s shows that female rodents prefer
urine from males high in testosterone [9,71], but see [7] and will preferentially scent
mark urine from male rats, especially during the pro-cestrus part of their cycle [6,9,24,48].
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However, to date, female scent marking behavior has received little attention in the context
of its potential relevance to mental health and stress resilience.

5. Conclusions

Overall, persistent pain represents a form of chronic stress that can place a heavy burden on
an individuals’ capacity to cope. Nonetheless, only 20-35% of the chronic pain population
exhibits comorbid depression [19,51,73]. Cross-sectional studies of chronic pain in humans
are often faced with a great deal of variability in pain etiology, intensity, duration and
treatment parameters that can impair the identification of bio-psychosocial predictors of
mental health outcomes. Rodent models of chronic pain, however, permit greater control

of physiological, genetic and environmental factors, as well as consistent pain-induction
procedures followed by reproducible measures of pain intensity (i.e. mechanical or thermal
hypersensitivity). Despite this relative consistency, a high level of inter-individual variability
in affective/motivational outcomes is often reported. Here, using a well-characterized rat
model of persistent inflammatory pain, we have found that while injured rats generally
showed a reduced scent marking preference, some animals were impacted more severely
than others. Importantly, it was the animals with lower baseline marking preference that
ended up more severely impacted, where the severity of post-injury stress and scent
marking were related to pre-injury marking preference, despite similar levels of CFA-
induced hypersensitivity. While these findings certainly require further validation using
other models and measures, they support the targeting of basal affective/motivational states
as predictors of stress reactivity and/or resilience. Overall, our study highlights the impact
of chronic pain on affective/motivational functioning and suggests that basal scent marking
behavior is predictive of post-injury stress outcomes, possibly reflecting a novel behavioral
marker of stress resilience. Finally, the urine scent marking assay we describe provides a
straightforward methodology that can be easily and rapidly employed by other investigators
to study stress resilience, allowing for improved identification of biomarkers that could be
studied in humans.
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Fig. 1.

Experimental time line and methodology. (A) Experimental time line. (B) Rats spent 10 min
in an arena with an absorbent paper floor and a spot of urine harvested from pro-cestrus
female rats. Behavior was recorded from above. (C) Representative image of urine scent
marking, with equation to calculate preference scores for the female urine zone (i.e. marking

and time preference).
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Fig. 2.

CIgA—induced persistent inflammation produced ongoing hypersensitivity and stress.
Compared to rats with sham injections, rats with CFA exhibited prolonged static weight
bearing deficits (A) as well as increased plasma corticosterone levels (B). Chi square
analysis indicated that corticosterone levels tended to decrease in shams and increase in
CFA-injected rats (C). Two-way mixed design ANOVA (A, B) or Chi square analysis (C); p
< 0.05 considered significant in all cases (Sham n = 12; CFA n = 14). Stars (*) represent a
significant comparison between CFA and sham groups. ** p < 0.01; *** p < 0.001; **** p <
0.0001. Daggers (1) represent a significant comparison between the time points indicated. T
p < 0.01; ns = not significant.
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Fig. 3.
CFA-induced persistent inflammation reduced scent marking preference for the female urine

spot. Urine scent marking preference for the female urine spot was reduced at 3 weeks
post-CFA (A). Chi square analysis indicated that a greater proportion of the CFA group
exhibited decreased marking preference compared to shams (B). Individual differences in
baseline and post-injury marking preference in the CFA group (C) and the sham group (D).
Note that approximately 29% of the CFA group exhibited active avoidance for scent marking
in the female urine zone (C). Raw data for urine scent marking in the female urine zone and
the remaining arena (E). Two-way mixed design ANOVA (A) or Chi square analysis (B); p
< 0.05 considered significant in all cases (Sham n = 12; CFA n = 14). Stars (*) represent a
significant comparison between CFA and sham groups. * p < 0.05. Daggers (1) represent a
significant comparison between the time points indicated. t p < 0.05.
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Fig. 4.

At the group level, CFA-induced persistent inflammation increased ipsilateral ankle width
(A), slower weight gain (B) and differences in distance covered (C), but did not alter overall
marking area (D), time preference for the female urine zone (E) or sniffing of the female
urine spot (F). Two-way mixed design ANOVA. Stars (*) represent a significant comparison
between CFA and sham groups. * p < 0.05; ** p < 0.01; **** p < 0.0001. Daggers (1)
represent a significant comparison between the time points indicated. t p < 0.05; tt p <

0.01; Ttttp < 0.0001.
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Fig. 5.

Bagseline marking preference predicts post-injury stress, marking preference and sniffing
behavior. Baseline marking preference scores are not correlated with week 3 wt bearing
capacity in the CFA group (A). Week-3 corticosterone levels are not significantly correlated
with ankle width at the three week time point (B). While week 3 corticosterone levels are
not correlated with week 3 marking preference (C), they are significantly correlated with
baseline marking preference (D). The mean baseline marking preference (x = 2.13) defined
low versus high baseline marking groups (E). Based on this approach, n = 6 CFA-injected
rats had low baseline marking (red squares) whereas n = 8 had high baseline marking

(blue squares). CFA-injected rats with high baseline urine scent marking preference were
no different from those with low baseline urine scent marking preference in terms of ankle
width (F), body mass (G), weight bearing capacity (H), total distance (1), total marking
area (J) and time preference (K). However, CFA-injected rats with high urine scent marking
preference exhibited greater marking preference for the female urine zone (L), greater
sniffing behavior of the female urine spot (M) and lower levels of plasma corticosterone
(N) at 3 weeks post-injury. Pearson correlations were used in panel A—D. Two-way mixed
design ANOVA’s were used in panels F-N. In panels F-N, stars (*) represent a significant
comparison between high and low baseline marking groups at the time point indicated. * p
< 0.05; ** p < 0.01; *** p < 0.001. Daggers (1) represent a significant comparison between
the time points indicated. T p < 0.05; Tt p < 0.01; t11p < 0.001; T+11p < 0.0001 (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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