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Behavioral indices of ongoing pain are largely unchanged in male mice with
tissue or nerve injury-induced mechanical hypersensitivity
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Despite the impact of chronic pain on the quality of life in patients, including changes to affective state
and daily life activities, rodent preclinical models rarely address this aspect of chronic pain. To better
understand the behavioral consequences of the tissue and nerve injuries typically used to model neuro-
pathic and inflammatory pain in mice, we measured home cage and affective state behaviors in animals
with spared nerve injury, chronic constriction injury (CCI), or intraplantar complete Freund’s adjuvant.
Mechanical hypersensitivity is prominent in each of these conditions and persists for many weeks. Home
cage behavior was continuously monitored for 16 days in a system that measures locomotion, feeding,
and drinking, and allows for precise analysis of circadian patterns. When monitored after injury, animals
with spared nerve injury and complete Freund’s adjuvant behaved no differently from controls in any
aspect of daily life. Animals with CCI were initially less active, but the difference between CCI and con-
trols disappeared by 2 weeks after injury. Further, in all pain models, there was no change in any measure
of affective state. We conclude that in these standard models of persistent pain, despite the development
of prolonged hypersensitivity, the mice do not have significantly altered “quality of life.” As alteration in
daily life activities is the feature that is so disrupted in patients with chronic pain, our results suggest that
the models used here do not fully reflect the human conditions and point to a need for development of a

murine chronic pain model in which lifestyle changes are manifest.
© 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

The perception of pain is not simply a sensory, nociceptive
experience, but one that often disrupts a patient’s quality of life
[45]. Despite this, animal studies have focused on measures of
hypersensitivity in the setting of tissue or nerve injury [38].
Unquestionably, mechanical and thermal hypersensitivity are of-
ten associated with human chronic pain disorders [3,13,32], but of-
ten more disruptive to patients is spontaneous, ongoing pain [1].
The latter is difficult to document in animals, and thus rarely stud-
ied. Chronic pain disorders are also associated with changes in
affective state, such as depression and anxiety [2,11,51], and over-
all quality-of-life measures [2,31,48]; again, few of these condi-
tions are studied in preclinical models.

Spontaneous pain is particularly difficult to measure in rodents.
Animals occasionally display measurable signs of pain, such as
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flinching or guarding in some pain models, but this has proved
hard to detect in persistent pain models [9,21,26,29,39,63].
Further, if the animal is indeed experiencing spontaneous pain
similar to humans, there should be an impact on its daily life activ-
ity and affective state, behaviors we will herein refer to as “quality
of life” measures. To date, such studies in rodents have concen-
trated on the rat and included measures of daily life such as sleep
[15,24,28,40,55,60] and locomotion [6,16,27,33,61]. Results from
these and other studies on affective state changes following
chronic injury are mixed. For example, some studies only reported
changes in depression-like behavior [12,19], others only found
alterations of anxiety-like behavior [16,20,54,56], and still others
found changes to both [30] or none [25]. There are even fewer data
for the mouse, despite its utility in genetic studies. As in the rat,
there are conflicting reports as to whether nerve injury-related
pain leads to an increase in anxiety in mice [17,34,42,43,59], and
only a handful of studies have focused on changes to daily life
behavior, with mixed results. A gastritis model revealed decreased
locomotion, eating, and drinking [46]. A sciatic nerve cuff model of
neuropathic pain found no change in daily life activities, but did re-
port alterations in measures of affect [4].
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The paucity of studies monitoring the daily life of animals in
pain undoubtedly reflects the complexity of long-term monitoring
of behavior. Video recording of mice in their home cage has been
used [18], but the time required to analyze the data limits this
method. In the present study, we used a new approach that allows
for automatic and detailed analysis of home cage activity of mice
over an extended period [14]. Our objective was to determine
the extent to which tests of daily activity and affective state can
be used as surrogate measures of pain in mice using current stan-
dard models of persistent pain: spared nerve injury (SNI), chronic
constriction injury (CCI), and intraplantar complete Freund’s adju-
vant (CFA). Because of the known variability among mouse strains
in their expression of pain behavior, we studied 2 inbred strains
(Balb/c and C57Bl/6). We monitored daily activity in the home cage
and also measured performance in a variety of behavioral tests of
affective state for up to 5 weeks following injury.

2. Methods
2.1. Animals

Adult male mice (Balb/c and C57Bl/6) were purchased from
Jackson (Bar Harbor, ME) and Charles River Laboratories (Wilming-
ton, MA), and arrived at least 2 weeks before testing began. All
mice were housed in cages with corncob bedding and a cotton
nestlet in groups of 3 to 5, unless separated due to fighting issues,
which occurred occasionally in both strains. All cages were chan-
ged every 2 weeks, at least 2 days before the next behavioral test.
Animals had freely available food and water under a standard
12-hour light/dark cycle with a regulated ambient temperature
of 20-22°C. Experimental manipulation occurred at 7-10 weeks of
age. All procedures were approved by the Institutional Animal Care
and Use Committee at the University of California, San Francisco and
the guidelines of the Committee for Research and Ethical Issues of
the International Association for the Study of Pain. For all experi-
ments, animals were habituated to handling prior to testing.

2.2. Experimental models of pain

Surgeries were performed under isoflurane anesthesia. SNI was
performed as described previously [57], with 2 of the 3 branches
(sural and common peroneal) of the sciatic nerve ligated and cut.
Sham controls received the same surgical procedure, except that
the sciatic nerve remained undisturbed. CCI was performed using
a modification of the Bennett and Xie [5] procedure. Briefly, the sci-
atic nerve was exposed at mid-thigh, proximal to its trifurcation.
Two ligatures of 6-0 chromic gut suture were tied loosely around
the sciatic nerve, 1-2 mm apart. As in the SNI sham procedure, the
sciatic nerve was exposed but not disturbed in the sham group and,
for all groups, overlying muscle was closed with 6-0 silk suture
and the skin closed separately with wound clips. Naive groups
were exposed to isoflurane anesthesia for a similar length of time
as sham, SNI, and CCI animals. After surgeries, animals were re-
turned to their home cages in a mixed environment (generally at
least 2 different groups per cage.)

For the model of inflammatory persistent pain, animals received
an intraplantar injection of 10 pL CFA into the left hind paw. To ex-
tend the length of time of the inflammation, a second 10-pL
intraplantar injection was given 1 week after the first. Controls re-
ceived intraplantar injections of saline each time. For shorter-dura-
tion persistent pain, animals received 5% formalin (in 20 pL)
intraplantarly. Sickness was induced by an injection of lipopolysac-
charide (20 pg in 200 pL, intraperitoneally). As the injuries are
comparable to those that evoke inflammatory and neuropathic
pain in humans, we refer to these conditions as models of inflam-
matory or neuropathic pain.

2.3. Mechanical hypersensitivity

For both home cage monitoring and affective behavior experi-
ments, the mice were habituated to the testing chambers 2 to 3
times before baseline testing began. Testing chambers consisted
of clear plastic cylinders on a raised wire mesh grid. On each day
of testing, the mice were first habituated to the testing cylinders
60-90 minutes before. We used von Frey filaments with the up-
down method [7] to obtain the baseline mechanical threshold.
For home cage monitoring groups, postinjury thresholds were ob-
tained immediately before and after the monitoring period. Other
animals were tested in weeks 1, 2 (3 for CFA experiments), and 5.

2.4. Home cage monitoring

To monitor behavior in the home cage, we used the automated
monitoring system developed by Goulding et al. [14]. This system
consists of 32 cages (with betachip bedding, plastic niche, and cot-
ton nestlet), each placed on a pivoting platform with 2 load beams
calibrated to detect position of the mouse, with photobeams at the
feeder and a lickometer at the water bottle to detect bouts of feed-
ing and drinking. While this experiment required the mice to be
individually housed in the system, they were group housed until
placed into the system. For each round of monitoring, the 32 ani-
mals were evenly divided between experimental and control
(naive and sham or, for the CFA experiment, saline-injected)
groups. Experiments were done in Balb/c mice with CCI (n=20-
22, in 2 separate runs), SNI (n=10-11), or CFA (n=16) and SNI
in C57BI/6 mice (n = 10-11). For nerve injury experiments, animals
were placed in the system at 48 hours after injury to allow time for
mechanical threshold testing. In the CFA run, monitoring began
48 hours after the second injection of CFA. In all experiments, mon-
itoring proceeded continuously (except for 1.5-2 hours daily main-
tenance on the system) for 16 days. Using methods developed for
the system, data were checked for errors and activity classified
as inactive or active. Within the active state, mouse behavior was
further classified based on location, movement, and feeder/lick
spout data as feeding, drinking, moving, or other (which includes
small movements and can be separated by location.)

2.5. Short-duration behavioral tests of locomotor and affective state
behavior

Groups of mice were run in a battery of activity and affective
tests (not all tests were performed in every group, Supplemental
Fig. 1). Each test was run with an interval of at least 3 days, which
has been shown to be sufficient so that behavior on one test does
not influence the next [35,47]. For all short-duration behavioral
tests, animals were brought into the testing room at least half an
hour prior to beginning the test. Between tests, the testing appara-
tuses were sprayed with dilute bleach and wiped dry.

2.6. Tests of anxiety-like behavior

For all tests of anxiety-like behavior, animals were studied only
once on each apparatus. The open field test of activity and anxiety
was performed under normal laboratory lighting (more than 100
lux). Mice were placed in the open field apparatus, which consists
of 4 white chambers measuring 50 x 50 x 38 cm, allowing 4 ani-
mals to be tested concurrently. Mice were allowed to freely explore
the chamber for 30 minutes. Each chamber was divided into the
outer zone (15 cm from the walls) and the center zone. Activity
was recorded by video and analyzed using the EthoVision software
(Noldus Information Technology, Leesburg, VA). Time spent in the
center zone was used as the measure of anxiety. The elevated zero
maze is a modified elevated plus maze test of anxiety-like behavior
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that eliminates the ambiguous center square [36]. This maze con-
sists of an elevated (42 cm), round platform (5.5-cm width) divided
into 4 equal quadrants: 2 open areas without walls and 2 walled
areas. Mice were placed in the closed area of the maze, and activity
was recorded for 8 min by a video camera mounted above the
maze. This test is performed under dim light (about 40 lux). Time
spent in the open quadrants was later scored and indicated the le-
vel of state anxiety. To assess marble-burying behavior, marbles
were evenly spaced in a plastic cage with a 5-cm layer of bedding
to which the animals had previously been habituated. Mice were
placed in the cage and recorded by video camera for 20 minutes.
At the end of the test, marbles that were more than 2/3 covered
by bedding were considered “buried” and used as a measure of
anxiety [44]. Videos from the test and habituations were scored
for the time spent digging.

2.7. Tests of motor function

To test motor function, we used the rotarod test, climbing, and
gait analysis. Rotarod was performed on an accelerating rod appa-
ratus (Ugo Basile, Collegeville, PA). For training, mice were run un-
til all the animals stayed on for more than 200 seconds (at least 3
training days). On subsequent testing days animals were tested 3
times. In the untrained experiments, animals were run for 3 trials
each testing day without any previous experience. To assess climb-
ing behavior, animals were placed into a 40-cm-high wire-mesh
cylinder with a clear plastic top [10]. Behavior was recorded by vi-
deo for 10 minutes and time spent climbing, defined by all 4 limbs
off the floor, was measured. Gait analysis was performed using the
Noldus CatWalk system [62]. Briefly, mice were trained to walk
across a clear glass runway. After they could move through the
apparatus without pauses, tracks were recorded and analyzed
using the CatWalk software.

2.8. Other affective tests

Other affective tests were performed on some groups of mice.
Forced-swim test of despair-like depression behavior was per-
formed before and after injury. For this test, animals were placed
in a large beaker of water (about 25°C) in which they could not
reach the bottom. Behavior was recorded for 6 minutes, after
which time spent immobile (defined as not actively swimming)
was counted, a measure of the time in ‘“despair”’-like behavior
[49]. As a second measure of depression-like behavior, we used
the sucrose preference test to document the presence of anhedo-
nia. Mice were given the choice of drinking water or 2% sucrose
for 2 consecutive nights. The position of the water and sucrose bot-
tles was switched on the second night. Mice were trained once be-
fore obtaining 2 baseline measures. A preference score was given
as a percent of sucrose liquid consumed over 2 nights compared
to total liquid consumed. In normal mice, this is generally above
90%. Anhedonia was considered to have occurred if preference
dropped to 65% [41,58]. Time spent in social interaction was re-
corded in a new clean cage with a novel animal of similar size
and strain for 8 min. Social sniffing, exploration, and physical con-
tact were all counted as signs of interaction.

2.9. Experimental design and statistical analyses

Separate groups of animals were used for the home cage mon-
itoring (HCM), motor behavior, and affective behavior experi-
ments. Supplemental Fig. 1 shows the timing and group
distribution for HCM and affective behavior testing. Additional
groups were used to test open field activity at days 3 or 7, followed
by rotarod (untrained), and to test locomotor activity on the cat-
walk and rotarod (trained). Animals were allocated to groups in a

block design, by the same researcher who also performed the sur-
geries and behavioral testing. No animals were excluded from the
study once data were collected. After the surgeries, the identity of
the cages was concealed from the researcher performing behav-
ioral tests and not revealed until all data collection and analysis
were completed. For animals in the HCM experiment, only the
Von Frey testing before and after the monitoring period was done
blind. As the monitoring system and subsequent analysis is auto-
mated, this part of the experiment was not blinded.

Results are expressed as mean = SEM, and P values < 0.05 were
considered significant. Comparisons were analyzed with one-way
or repeated measure analysis of variance (ANOVA). In experiments
with only one control group, we used Student’s t-test, except in
cases where data were nonparametric, for which the Mann-Whit-
ney U-test was used. For ANOVAs, post hoc analysis used Bonfer-
roni tests. Data were analyzed using GraphPad Prism 5 for Mac
(GraphPad Software Inc, La Jolla, CA).

3. Results
3.1. Mechanical hypersensitivity in different chronic pain models

With the exception of a few animals that underwent CCI or SNI
and appeared to favor the uninjured hind limb, gross observation
of mice after injury rarely revealed notable signs of pain or discom-
fort in any of the injury models. Unquestionably, however, animals
in each injury group had significant decreases in mechanical sensi-
tivity (ie, mechanical hypersensitivity) after injury (Fig. 1A and B).
Mechanical withdrawal thresholds of naive, saline, and sham con-
trols also decreased over time, albeit to a smaller extent. This drop
might reflect the fact that animals undergo other tests during the
postsurgical period, which might alter, to a small extent, their
behavior in this test. The fact that mice were tested only weekly
after injury rather than every other day for baseline testing, may
also be relevant. However, regardless of the explanation, when
data for the 2 nerve injury groups were normalized to the naive
control, both SNI and CCI groups still showed a significant decrease
in threshold. Sham controls did not differ from naive at any time
point (Fig. 1C). Nerve-injured and CFA-injected mice that under-
went home cage monitoring were also tested for mechanical
hypersensitivity before being introduced into the monitoring sys-
tem. Animals in these injury groups all developed mechanical
hypersensitivity, and this was still present when these mice were
removed from the system after 16 days (Supplemental Fig. 2A-D).

3.2. Monitoring of home cage activity

Animals were placed in the HCM system on the second day after
surgery or after CFA injection. The first day in the HCM is generally
marked by increased activity, which is presumably a manifestation
of the animal’s exploration of the new cage and its building of a
new nest. This increased exploration is expressed as an elevated
distance traveled on day 1 in the HCM, compared to subsequent
days. In fact, all animals with SNI, CCI, or CFA and their respective
controls displayed this elevated locomotion. On the other hand,
although CCI animals showed a normal heightened response to
the novel environment (157% greater on day 1 compared to day
3 of monitoring for CCI, 175% in naive controls, P=0.38, Supple-
mental Fig. 2F), their total distance traveled on the first day of
monitoring (corresponding to day 2 after injury) was significantly
less than naive controls (naive vs CCI, 1110 £ 85 m vs 605 + 36 m,
F=17.5, P<0.0001, Fig. 2A). Animals with SNI or CFA did not have
a similar significant reduction in locomotion on the first monitor-
ing day compared to control groups. Interestingly, animals with
CCI sham injury, like their full surgery counterparts, moved signif-
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Fig. 1. Mechanical hypersensitivity after nerve injury or inflammation. Fifty percent
withdrawal thresholds (in grams) were obtained using the von Frey up-down
method in mice (A) after spared nerve injury (SNI) (red bars) or chronic constriction
injury (CCI) (blue), and in sham (gray) and naive (white) controls or (B) after saline
(gray) or complete Freund’'s adjuvant (CFA) (orange) injection. (C) Mechanical
thresholds were normalized to the naive groups for the SNI and CCI experiments.
For all, repeated measures analysis of variance showed a significant effect of
treatment with Bonferroni post-test differences between naive/sham and CCI
groups indicated with: *<0.05, **<0.01, ***<0.001; post hoc differences between
naive/sham and SNI groups: *<0.05, **< 0.01, ***<0.001.

icantly less on the first day of monitoring compared to naives and
were not different from CCI animals (Fig. 2A). Animals that under-
went sham SNI surgery did not differ in distance traveled from
mice with SNI or from their naive controls, indicating that the 2
sham surgeries are not equivalent, possibly as a result of the more
proximal site of injury in the CCI group. The locomotor difference
between CCI and naive controls was also seen in the average daily
movement over days 3-17 after injury, although sham was not sig-
nificantly different from either group (Fig. 2B). Again, there was no
difference between SNI or CFA and controls.

To observe better the activity differences among groups
throughout the course of the monitoring period, we analyzed light
and dark cycle locomotor activity separately on each day (days 3-
17 after injury.) There was no difference among animals with SNI,
CFA injection, sham and naive controls in the light and the dark cy-
cle (Fig. 2Cc-h). In the CCI experiments, however, repeated-mea-

sures ANOVA revealed a significant effect of treatment groups
during both the light and dark cycles (dark, F=6.8, P=0.0023;
light, F=4.02, P=0.0235, Fig. 2Ca and b). Thus, post hoc analysis
of the dark cycle activity indicated a significant difference between
CCI and naive groups during the first 12 days postinjury; the sham
group was significantly different from the naive group only on days
8 and 9 and did not differ from CCI on any day. In contrast to the
active phase of the mouse, light cycle activity (ie, inactive phase)
in CCI animals was reduced in only the first week postinjury. It ap-
pears, therefore, that SNI and CFA did not alter overall activity, but
CCI caused a significant, albeit transient (for 12 days), decrease in
daily activity.

SNI, CCI, and CCI sham injuries all resulted in significant loss of
weight after the first 2 days of injury (measured just before monitor-
ing began). Moreover, all groups had similar weights upon removal
from the monitoring system, thatis, at day 17 postinjury. Thus, injury
groups gained slightly more weight during the monitoring period,
though not significantly so (Supplemental Fig. 2E). However, despite
the small differences in weight gain/loss in these groups, there were
no differences in average daily food and water intake among any
experimental and control groups (Fig. 2D and E). Even during the
early days after injury (days 3-7), a time when CCI animals moved
considerably less than did the controls, the food and water intake
of mice with CCI did not change (Supplemental Table 1).

3.3. Circadian patterns of activity in nerve-injured animals

The circadian patterns of the 2 strains used in this study are
very stereotyped and reproducible. Both Balb/c and Bl/6 mice have
a peak of activity immediately after the dark cycle onset, and the
Bl/6 mice have a second peak of activity around the end of the dark
cycle (Fig. 3A). Because we initially hypothesized that the circadian
pattern of animals experiencing persistent pain would become
more fragmented [28], we focused our analysis on the Balb/c
strain, expecting to observe disruption of the extended peak of
activity in the first half of the dark cycle.

A great advantage of the HCM system is that it allows for precise
temporal analysis of the animal’s activity over the course of the
day. Because the decrease in activity in the CCI and sham groups
occurs only in the early postsurgical period, we divided the circa-
dian analysis into an early (days 3-7) and a late (days 13-17) per-
iod. None of the injury groups displayed dramatic changes to the
circadian pattern. In fact, for animals with SNI or CFA, there were
no differences in distance traveled at any time of the day, in either
the early or late monitoring period (Fig. 3Cc and d). As expected,
during the early analysis period, animals in the CCI group moved
significantly less than did animals in the naive group during the
first half of the dark cycle (effect of surgery, F = 14.5, P <0.0001;
post hoc tests between CCI and naive are significant from 7 PM
to 1 AM, Fig. 3Ca). For animals with CCI sham injury, the amount
of dark cycle activity fell between CCI and naive group levels, being
significantly different from naive for the first half of the dark cycle
(P <0.0001, post hoc differences at 7 PM-12 AM) and from CCI dur-
ing only 2 hours early in the dark cycle (post hoc differences at 8
and 9 PM). By the final days of monitoring, however, there were
no longer any significant differences in the distance traveled at
any time of day for the CCI experiment (effect of surgery, F=3.1,
P=0.0505, Fig. 3Cb), indicating that CCI and, to a lesser extent
CCI sham surgeries, lead to an initial decrease in activity, which
recovered by 2 weeks.

In addition to using distance traveled at various times of day as
an indication of circadian pattern, the HCM system can further de-
fine the state of an animal (active or inactive), allowing detailed
analysis of a mouse’s daily life [14]. We found that the animals’ cir-
cadian rhythms did not change, using either a measure of distance
traveled or the probability of being in an active state over circadian
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Na, Naive control; Sh, Sham control; Sa, Saline control. *Posttest differences between CCI and Naive; *Differences between Sham and Naive.

time. And, as when using distance moved, animals with CCI have a
decreased active state probability during the dark cycle, but only
early after injury (early, F=6.1, P=0.006; late, F=0.01, P=0.99,
Supplemental Fig. 3A).

3.4. Bout and time budget analysis

Behavior within the active state can be further classified as
feeding, drinking, moving, or other (active, but not in 1 of the 3
main activities.) This is particularly useful as we had predicted that
given the need to climb onto the feeder to eat, injured animals
might have fewer but longer feeding bouts. However, even in the
early monitoring period, when there were changes in locomotion,
animals with CCI had no significant difference in feeding bout
number, size, or duration. Nor was there a difference in the SNI
or CFA groups (Supplemental Tables 1 and 2). We did observe that
movement bouts of animals with CCI were both fewer in number
and shorter (in terms of distance per bout) during days 3-7, but
this recovered by the later period of monitoring (days 3-7: 4150
vs 2710 bouts per day in naive vs CCI, P=0.0006; days 13-17:

4183 vs 3902, P=0.297; Supplemental Table 1). Importantly,
movement bout averages were not different from controls in any
other injured group. Taken together, these data indicate that it is
the combination of less time spent in the active state as well as a
dramatic reduction in movement bouts during this state that likely
contribute to the decrease in overall activity seen in animals with
CCl in the first week of monitoring.

Examining the time budgets of the animals is particularly help-
ful for appreciating the differences in the CCI group of animals in
early vs late monitoring periods. To this end, we measured and
compared time spent inactive, moving, feeding, drinking, or other
(ie, stopped, but active). While SNI and CFA did not alter any
parameter of daily activity (Supplemental Fig. 3 and Supplemental
Table 2), CCI animals, during the initial monitoring days, spent sig-
nificantly less of the day engaged in locomotion (6.3% vs 4.1%,
P =0.0004) and more of the day inactive (59% vs 67%, P=0.002,
Fig. 3B). This difference was no longer present during the late mon-
itoring period.

Note that although we focused our analysis on Balb/c animals,
we also studied C57BI/6 animals with SNI or sham and naive
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Fig. 3. Average distance traveled over circadian time. (A) Raster plots of a naive mouse activity in Balb/c (top) and C57BI/6 (bottom) mice over 12 days, with green
representing periods of locomotor activity; orange, eating; and blue, drinking. (B) Time budgets of naive, sham, and chronic constriction injury (CCI) groups of mice in the
early and late monitoring periods. Mouse time budgets include inactive (gray), locomotion (green), eating (orange), drinking (blue, <1% of the day, so not visible in the graph),
and “other” (red, mouse is active, but not engaged in other activities). Inset numbers are percent of time in each activity. (C) Average movement (in distance traveled) binned
by hour on days 3-7 (a, c and e) or days 13-17 (b, d and f). SNI Balb/c (¢ and d) and C57BI/6 (e and f) animals did not show any differences in their circadian pattern in either
the early or late days of the experiment. Average hourly distance traveled in the initial monitoring days by animals with CCI were significantly decreased from controls during
the first half of the dark cycle (a; P<0.0001), but not significantly different in the later days of monitoring (b; P = 0.0505).

controls. Much like Balb/c mice that underwent SNI, we found no
changes in the movement and feeding bout properties, and time
budgets of injured animals did not differ when compared to either
sham or naive controls (Supplemental Fig. 3 and Supplemental
Table 2).

3.5. Other tests of daily life activity

Because animals with CCI displayed reduced locomotion in the
home cage, we also tested separate groups of Balb/c mice in an
open field test on days 3 or 7 after CCI, SNI, or CCI sham surgery
(naive controls received anesthesia only). On neither day did ani-
mals with SNI show a decrease in distance traveled; and perhaps
more surprisingly, this was also true for the mice with CCI
(Fig. 4C; day 3 P=0.23, day 7 P=0.88). We also tested animals
for open field activity 1 month after injury, in each of the pain

models and in both Balb/c and C57Bl/6 mice. No pain model re-
sulted in significant decreases in distance traveled (Fig. 4A and B).

As the open field measures only horizontal movement, we also
examined vertical movement. In this test, the animals were al-
lowed to explore a climbing apparatus in which they had an oppor-
tunity to climb on a wire mesh grid, an activity that requires the
use of all 4 limbs. At 3 weeks postinjury, animals with SNI and
CFA injections climbed for the same amount of time (10-minute
test) as did control animals (Fig. 4F). We also counted the number
of rearing events in the elevated maze and found no difference be-
tween injured and control animals in any group (Supplemental
Fig. 4A).

As noted above, occasionally we observed animals in the nerve-
injured groups that appeared to have an altered stance. Thus, to as-
say for possible motor deficits, we tested sham, SNI, or CCI groups
of mice on the accelerating rotarod. All animals were trained and
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Fig. 4. Short-duration tests of daily activity: (A) Distance traveled in the open field
1 month after injury was not different in any pain model in Balb/c mice (chronic
constriction injury [CCI] n=8-9, P=0.99; spared nerve injury [SNI] n=11-12,
P=0.12; complete Freund’s adjuvant [CFA] n=6-7, P=0.07) or (B) Bl/6 mice (CCI
n=_8-9,P=0.09; SNIn=18-19, P=0.82; CFAn = 8-9, P=1.0). (C) Distance traveled
in the open field on days 3 and 7 after surgery did not differ among any of the
experimental and control groups (n=8, Day 3 P=0.23, Day 7 P=0.97). (D) Mice
with SNI or CCI performed as well after injury as before on the rotarod test when
previously trained (n=5, P=0.62), (E) but significantly worse 3 days after surgery
(n =8, P=0.006), if untrained. (E) Time spent climbing at 3 weeks after injury in Bl/
6 mice with SNI or Balb/c mice with CFA did not differ from controls (SNI n = 7-8,
P=0.82; CFAn=10, P=1.0).

performed equally well prior to surgery, and this did not change on
days 4 to 11 after surgery (naive, 109 + 8% baseline; SNI, 104 + 6%;

CCl, 94 + 6%, P = 0.62, Fig. 4D, Supplemental Fig. 4B). Interestingly,
however, when animals with no prior experience on the rotarod
were tested 3 days after injury, those in the CCI and SNI groups
stayed on the apparatus for a significantly shorter time compared
to untrained naive controls (P = 0.0059, Fig. 4E). When these ani-
mals were retested on days 5 and 9 after surgery, the apparent mo-
tor deficit was still present (Supplemental Fig. 4C). By contrast,
when untrained animals had their first training day a full week
postinjury, we found no significant difference among groups
(Supplemental Fig. 4D). Finally, we analyzed the locomotor ability
of CCl-injured animals using the CatWalk system, which allows for
gait analysis. Even in this test, there were no changes in parame-
ters of ipsilateral vs contralateral hind paw pressure or timing of
the stride (Supplemental Fig. 4E), indicating that there is no change
in the use of the injured paw when the animal is in motion. How-
ever, we cannot rule out alterations in weight distribution in
stationary animals.

3.6. Behavioral tests of affective state

To determine if any of the pain models are associated with a
change in affective state, we next performed a battery of behav-
ioral tests of emotion. To assay for the level of anxiety, we used
the open field, elevated maze, and marble-burying tests. At time
points soon after surgery (days 3 and 7) and later (1 month), we
found little difference in the open field test of anxiety, that is, time
spent in the center area, among any of the injury groups and con-
trols (Fig. 5A and Supplemental Fig. 5). Likewise, elevated zero
maze time in the open areas revealed little difference among injury
and control groups (Fig. 5B). On the other hand, although none of
the injury groups showed consistent differences in either measures
of anxiety, a few groups did show an unexpected decrease in anx-
iety-like behavior on one of the measures. Thus, Balb/c animals
with SNI or CFA injury spent more time in the center area of the
open field (SNI, P=0.0173; CFA, P=0.0278); and C57BI/6 animals
with CCI spent more time in the open areas of the elevated maze
(P =0.0169). In other words, while there was no consistent change
in the 2 related measures, these injured animals may have, if any-
thing, reduced anxiety. However, we do not rule out the possibility
that there was a floor effect in the naive animals, especially in the
case of Balb/c mice, which prevented us from observing any further
changes in injured animals.

Additionally, we observed no difference in anxiety-like behavior
in the marble-burying test. Thus, when tested at both 5 and
7 weeks after SNI surgery, C57Bl/6 animals buried the same num-
ber of marbles as did controls. And Balb/c mice with CCI or CFA
injection did not display any difference in anxiety state in the mar-
ble-burying task (Fig. 5C). Furthermore, in the testing cage, we
found no difference in the time the injured groups of mice spent
digging compared to controls (data not shown), with or without
the presence of the marbles. So even using a different test of anx-
iety, injured animals showed no change in their anxiety-like state.

Although anxiety was the focus of the affective state behavior
tests, we also tested some groups of animals using the forced-swim
test of depression-like behavior, sucrose preference test of anhedo-
nia, and a social interaction test (Supplemental Fig. 5). In the
forced-swim test, neither CFA nor SNI significantly altered the
amount of time animals spent immobile, that is, we found no evi-
dence for an increased depressive state. The same conclusion was
drawn in the sucrose preference test, where C57Bl/6 animals with
SNI or CFA drank similar amounts of sweetened water compared to
their respective sham or saline-injected controls and never fell be-
low 65% preference. Lastly, we found that there was no change in
the time spent exploring a novel mouse, which is presumed to test
a more complex affective state. Here too, injury did not appear to
interfere with normal social interaction.
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Fig. 5. Behavioral measures of affective state at 1 month after injury. (A) Time spent
in the center area of the open field in C57Bl/6 mice (bottom) with chronic
constriction injury (CCI) (n=8-9, P=0.67), spared nerve injury (SNI) (n=18-19,
P =0.69) and complete Freund’s adjuvant (CFA) (n = 8-9, P = 0.58) was not different
from controls. Balb/c animals (top) with CCI (n=8-9, P=0.71) did not differ from
controls, but there was a significant increase in the time spent in the center in Balb/
¢ mice with SNI (n=11-12, P=0.017) and CFA (n=6-7, P=0.073). (B) There was
also little difference between experimental groups and controls in the time spent in
the open areas of the elevated zero maze, in Balb/c (top) animals (CCI P=0.18, SNI
P=0.33, CFA P=0.48) and in C57BI/6 (bottom) animals (SNI P = 0.44, CFA P=0.58)
except for those with CCI that spent significantly more time in the open areas
(P=0.017). (C) The number of marbles buried on week 5 in Bl/6 SNI animals or Balb
CFA animals did not differ from control nor did Balb CCI or Bl/6 SNI differ from their
controls at week 7.

3.7. Open field behavior after short-term persistent pain

Having found that our standard models of chronic pain did not
alter behavior in tests of locomotion and affective behavior, we
also tested animals in a shorter-duration persistent pain model
in the open field test. We used a model of pain that is associated

with very overt signs of discomfort (compared to that observed
in CFA-injected animals). In these tests, C57BIl/6 and Balb/c mice
received intraplantar injections of formalin and were tested
2 hours later. Because we did not want to confound the analysis
during the time the animal licked its hind paw in response to the
formalin, we performed the open field test in the period immedi-
ately after licking behavior had ended. As for the longer-term per-
sistent pain models, we again found no difference in the overall
distance traveled in the open field, for either strain (Fig. 6A and
B). And while there was no significant difference between saline-
and formalin-injected animals in the time spent in the anxiety-
related center area, Balb/c animals with formalin did show a trend
to less time in the center, that is, they appeared to display more
anxiety (Fig. 6C and D).

Finally, as a positive control for the open field experiments, we
also tested animals 2 hours after sickness was induced with an
injection of lipopolysaccharide (LPS). Animals with LPS were fully
capable of ambulating, as they reacted by running from the
researchers hand as did control mice. In the open field, however,
LPS-injected mice showed a profound reduction in both distance
traveled and time spent in the center, indicating an increased anx-
iety state and an overall decrease in activity (Fig. 6). Since the lack
of movement likely confounds activity measured in the center,
when we normalized the distance in the center to the total dis-
tance moved, we also found that C57BI/6 animals with LPS still
showed significant anxiety-like behavior (5% vs 0.8%, data not
shown). We conclude that the test is sufficiently sensitive to detect
changes in behaviors after sickness, but that pain alone is not suf-
ficient to reveal differences.

4. Discussion

Humans with chronic pain often have higher measures of
depression and anxiety [11,51] and score lower on quality-of-life
inventories [31], which typically measure the impact of pain on dai-
ly activity, overall mood, sleep, and social function [45]. Here we
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Fig. 6. Open field behavior in short-term models of sickness and pain. (A and B)
Distance traveled in the 30-minute open field test 2 hours after injection was
severely decreased in animals injected with LPS, but not in those with intraplantar
formalin in either (A) C57BI/6 or (B) Balb/c animals (n = 8/group). (C and D) Sick
animals also spent very little time in the center area compared to saline-injected
animals in (C) BI/6 or (D) Balb/c strains. While formalin-injected Balb/c animals
showed a trend to less time in the center, the difference was not statistically
significant (P=0.1). Sal, saline control; FrmlIn, formalin-injected group.
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addressed the behavioral impact of persistent pain in animals by
monitoring the daily life of a mouse using 3 different standard
mouse models of chronic pain. We also studied the mice using a
battery of tests of affective state. In the home cage, we found that
none of the injury models had a lasting impact on basic parameters
of daily life activity, such as daily food intake and locomotion. Only
mice with CCI showed an early but short-lived decrease of activity,
and only this group had significant alterations in other patterns of
home cage daily life (eg, increased time spent in the inactive state.)
All groups showed similar behavior in tests of affective state. Taken
together, these results indicate that despite the profound and pro-
longed mechanical hypersensitivity characteristic of these different
“pain” models (inflammatory and neuropathic), there is minimal to
no alteration in what we define as quality-of-life measures. Our re-
sults suggest that these standard models, at least when used in the
mouse, do not adequately incorporate important features of the hu-
man chronic pain condition, raising questions as to whether mice
experience significant ongoing pain with these injuries.

4.1. Home cage behavior is altered only early after CCI

Despite the findings of early postoperative changes in the CCI
group, we found no changes in the SNI group of mice, even though
the 2 nerve injury models are presumed to have similar etiology
and both are associated with mechanical hypersensitivity. Com-
parison of results with sham-treated animals suggests that much
of the difference is attributable to differences in the surgical proce-
dures. For example, incisions for the CCI procedure are more prox-
imal, which might be more disruptive to the animals. In effect, the
initial decrease seen in the CCI groups could reflect differences in
the time to fully recover from the surgery. On the other hand, nei-
ther sham group showed a significant development of hypersensi-
tivity compared to naive animals, demonstrating an important
dissociation between the level of hypersensitivity and daily behav-
ior in the home cage.

Somewhat surprisingly, however, the short-term reduction in
home cage behavior in animals with CCI was not recapitulated in
short-duration locomotor tests performed during the same time
window. Indeed, we found very little motor deficit in either nerve
injury group, despite the large denervation that occurs. This dis-
crepancy suggests that the HCM may be more sensitive for detect-
ing pain-related behavior than are these short-duration tests of
locomotor activity. Conceivably, decreases in home cage activity
result from a summation of many small bouts of spontaneous pain,
which the shorter open field tests miss. Contrary to this explana-
tion, however, mice with persistent pain caused by intraplantar
formalin, where there are measurable signs of discomfort, also
did not alter activity in the open field. It is also possible that the
HCM, which uses a more normal, familiar environment, facilitates
detection of behavioral differences that are otherwise masked by
the novelty of the open field test.

There are, however, 2 limitations of the HCM method that merit
discussion. First, we cannot directly measure sleep, disruption of
which is an often-reported problem in chronic pain patients [48]
and has been observed in some studies of rats with nerve injury
or experimental arthritis [15,28,40,60]. By documenting periods
and patterns of inactivity, the HCM system can, to some extent,
provide a reasonable estimate of sleep. However, we have no infor-
mation as to possible disruptions of sleep architecture. A second
major limitation of the HCM is that the mice must be individually
housed. Although our short-duration social interaction tests
showed no differences, there could be significant persistent pain-
associated disruption of normal social interaction among cage
mates. Indeed, it is our impression that immediately after surgery,
injured animals in both the sham and nerve injury groups sleep
apart, not huddling, as do intact mice.

4.2. Alterations of affective state in standard chronic pain models

Previous studies using persistent pain models found conflicting
results as to whether injured mice show changes in anxiety and
depression-like behaviors [4,17,42,59]. In the present study we
found, using an array of tests, that mice in the SNI, CCI, or CFA
groups did not differ in measures of affective state; this was true
for weeks after injury. If anything, the few significant differences
detected were all opposite to what we initially predicted, given
previous studies in the rat. That is, mice appeared less, rather than
more anxious. However, these few changes were neither consistent
across all tests of anxiety state nor across mouse strain. Indeed, our
results fit well with a previous study in mice that reported that
nerve injury did not alter open field or elevated plus maze behavior
at 1, 2, or 4 weeks after injury [17]. Moreover, our results are con-
sistent between strain and injury type as well as with the absence
of a long-term change in home cage behavior.

In contrast to our findings, there is a sizable body of work on
rats showing changes in anxiety and depression-like behaviors
occurring after nerve injury and inflammation [12,16,19,20,
25,30,54]. If CFA, CCI, or SNI in mice produces pain that models
the full human condition, or even replicates the behavior of a rat,
we would expect an impact on the emotional state of a mouse.
Our results could be due to the particular methods that we used
or to the species itself. As a prey animal, mice do not show signs
of weakness, including overt signs of persistent pain. Regarding
the latter, it is of interest that we did observe changes in the
LPS-injected animal, indicating that mice have the capacity to dis-
play sickness behavior. There are, of course, other examples of rat
behaviors that do not translate to the mouse, such as the positive
and negative affect of the different vocalization frequencies in
the rat [22,50]. Finally, as some of these postinjury changes are
age [30] and gender [23,37,46] dependent, it is also possible that
our failure to replicate the rat data is simply a consequence of
our focus on adult male mice.

These standard tests of affective behavior have 2 key problems
in their use in pain studies. First, as for tests of mechanical hyper-
sensitivity, the tests of emotional state are provocative, that is,
they require an external stimulus. Evoked behavior might alter or
mask the presence of spontaneous pain. This further highlights
the importance of measuring daily home cage behavior, which,
as a passive observation, is minimally disruptive of the animal’s
life. The second limitation stems from the validity of these tests
themselves. Indeed, there has been extensive discussion in the
affective science literature on the use of open field, elevated maze,
and forced-swim test to reliably assess “anxiety” and “depression”
[8,52,53].

4.3. Dissociation of mechanical hypersensitivity and quality-of-life
measures

The most common endpoint in preclinical trials in rodent
chronic pain models is evoked hypersensitivity. At present there
are few other surrogates for chronic pain in rodents. The failure
of some drugs in clinical trials (after extensive preclinical valida-
tion) may thus reflect the limitation of hypersensitivity as the only
endpoint for monitoring of pain. Although hypersensitivity mea-
sures may be very useful for understanding mechanisms of noci-
ception and defining potential targets for treating
hypersensitivity, they are likely inadequate for the study of persis-
tent, spontaneous pain. Indeed, by their very nature, measures of
evoked hypersensitivity ignore the emotional and spontaneous
components of the human chronic pain experience. Only operant
models have successfully addressed the emotional component, al-
beit still an evoked response. Here we found a complete dissocia-
tion of hypersensitivity and quality-of-life measures. The
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mechanisms that drive the development of hypersensitivity, there-
fore, might be independent or simply insufficiently severe to drive
changes in the daily life of a mouse.

As noted above, behavioral manifestations of quality-of-life
changes have, to some extent, been demonstrated in the rat, but gi-
ven the value of genetic manipulation, the lack of a quality-of-life
surrogate measure of pain in mice is unfortunate. In fact, our re-
sults raise the possibility that mice do not experience the persis-
tent, ongoing pain that would affect what we have defined as
quality-of-life measures. Indeed, a recent study reported that CCI
did not alter behavior in short-duration tests of locomotion nor
in any measurable outward sign of pain when observed at 2 or
4 weeks after injury [39]. Our data, along with this report, suggest
that in these commonly used models of “chronic pain,” there are
no reliable measures of spontaneous pain even if the animal does
experience it. If we are to continue to use mice in chronic pain
studies, it is clearly essential that we develop new pain models that
more accurately mimic the key characteristics of chronic pain
experienced by humans.
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