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Abstract \
The development of new analgesic drugs has been hampered by the inability to translate preclinical findings to humans. This failure is
due in part to the weak connection between commonly used pain outcome measures in rodents and the clinical symptoms of
chronic pain. Most rodent studies rely on the use of experimenter-evoked measures of pain and assess behavior under ethologically
unnatural conditions, which limits the translational potential of preclinical research. Here, we addressed this problem by conducting
an unbiased, prospective study of behavioral changes in mice within a natural homecage environment using conventional preclinical
pain assays. Unexpectedly, we observed that cage-lid hanging, a species-specific elective behavior, was the only homecage
behavior reliably impacted by pain assays. Noxious stimuli reduced hanging behavior in an intensity-dependent manner, and the
reduction in hanging could be restored by analgesics. Finally, we developed an automated approach to assess hanging behavior.
Collectively, our results indicate that the depression of hanging behavior is a novel, ethologically valid, and translationally relevant
pain outcome measure in mice that could facilitate the study of pain and analgesic development.
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1. Introduction

Despite a growing need for new analgesics, there has been little
progress in translating preclinical advances into safe and efficacious
clinical interventions for chronic pain.*® A major contributor to this
translational gap is the limited relevance of existing preclinical
outcome measures to the human pain experience.??*3%” Clinical
manifestations of chronic pain include physical, emotional, and
cognitive changes that are often difficult to measure in rodents.* In
addition, many behavioral outcome measures in rodents are
assessed under ethologically “unnatural” and potentially stress-
evoking testing conditions.®?"3541 Furthermore, preclinical pain
studies often rely on outcome measures that are experimenter-
evoked, such as nociceptive withdrawal thresholds to mechanical or
thermal stimuli.?®?° Besides the fact that the hypersensitivity states
(ie, allodynia and hyperalgesia) being modeled are rather rare
symptoms of chronic pain in humans,?>° this approach to pain
assessment can introduce confounding influences such as bias and
experimenter-induced stress.'® """ Although spontaneous behav-
iors are increasingly used as outcome measures of pain models,
many have significant limitations. %223 These behaviors are often
far more robust under conditions of acute, but not chronic,
pain.2>4247 For example, grimace scales, which quantify facial
expressions associated with pain, are progressively less suitable as
the duration of pain increases.?>*?

Nonessential or elective behaviors offer promising avenues for
identifying novel behavioral measures of pain that can be objectively
quantified under ethologically relevant conditions. These natural,
spontaneous, and often complex homecage behaviors include
playing, grooming, socializing, and nest building. ' Elective behaviors,

PAIN®


mailto:rob.bonin@utoronto.ca
http://www.painjournalonline.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1097/j.pain.0000000000002127

May 2021 e Volume 162 ¢ Number 5

sometimes called “luxury” behaviors, are voluntary and healthy
rodents are motivated to perform them despite possibly limited
survival benefits. "8 Elective behaviors in rodents may be indicators
of well-being and are often affected by poor health.'>92° Analogous
elective behaviors in humans, such as social interactions and
participation in extracurricular activities, are consistently impacted by
chronic pain.8"'3 Thus, elective behaviors might offer a window into
the inner state and well-being of rodents and make these behaviors
potential translationally relevant measures of pain.

To identify novel behavioral measures of pain in mice with
translational relevance, we conducted an unbiased, prospective
study of mouse behavioral changes in a natural homecage
environment using various assays featuring sustained pain. Using
automated video tracking, we found that cage-lid hanging was
the only homecage behavior reliably impacted by pain over its
duration. Here, we defined hanging behavior as a mouse climbing
onto the metal lid of their homecage and suspending themselves,
upside-down, off the floor. We found that hanging behavior was
reduced in pain assays in a stimulus intensity-dependent manner
that could be restored with analgesics. Next, we created an
ethological profile of hanging across different sexes, ages, and
strains of mice. Finally, we developed and validated new tools to
facilitate observation and automate quantification of hanging,
thus streamlining pain assessment in mice. Overall, our study has
demonstrated that hanging is an elective behavior that can act as
a robust and translationally relevant measure of pain in mice.

2. Methods

2.1. Animals

All experiments were approved by the Downtown Animal Care
Committee at McGill University and the Animal Ethics and
Compliance Program at the University of Toronto and conducted
in accordance with Canadian Council on Animal Care (CCAC)
guidelines. Male and female C57BL/6N and CD-1 mice were
tested in 4 different facilities: McGill University (Mogil Lab),
University of Toronto St. George campus (Bonin Lab), University
of Toronto at Mississauga (UTM; Martin Lab), and The Centre for
Phenogenomics (TCP) in Toronto. Mice tested at McGill
University were all purchased from Charles River Laboratories,
St. Constant, QC (CD-1, n = 16). Mice tested at the University of
Toronto were all purchased from Charles River Laboratories (CD-
1,n = 94; C57BL/6N, n = 94). C57BL/6N mice tested in the UTM
campus were bred in-house (n = 76) or purchased from Charles
River (n = 20). C57BL/6N mice tested at TCP (n = 35) were bred
in-house. All mice purchased from Charles River were allowed a
one-week habituation period after arrival at the facility. The mice
were housed in same-sex cages containing 3-4 animals per
cage. Mice bred at the UTM were housed with same-sex
littermates in groups of 4 to 5 per cage at weaning. For most
experiments, either two-month-old CD-1 male and female mice
or C57BL/6N male mice were used (details for each experiment
are provided in the Results section). In experiments exploring the
effects of sex and age on hanging behavior, two-month-old
C57BL/6N male and female mice were used. Mice used to
assess osteoarthritis (OA) pain were 24- to 25-weeks old at the
time of assessment. Experiments conducted at TCP to assess
automated detection of cage lid interaction were assessed using
four-month-old C57BL/6N male and female mice.

Al facilities were temperature-controlled (20 + 1°C) with 12
hours:12 hours light: dark cycle at UTM, McGill University, and
TCP. Experiments in Toronto had a 14 hours:10 hours light: dark
cycle (6 av-8 Pm). When a reverse light cycle was used, animals
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were given one week to acclimatize to the new cycle before
experiment commencement. The UTM and TCP conducted
experiments during the light period only. In all facilities,
environmental enrichment was provided by placing a cotton
nesting square, cork bedding, and a red, transparent plastic
mouse house inside each cage, except TCP, where enrichment
was using corncob bedding and shredded paper with no red
mouse house. Mice at the University of Toronto, UTM, and McGill
were housed in ventilated Allentown Micro-Vent cages with
automated water delivery. Mice at TCP were housed in Tecniplast
Green Line cages with automatic ventilation and water delivery.
For all homecage experiments, mice were tested in a clean cage
of the same manufacturer and make as their original homecage at
weaning. All mice had access to food and water ad libitum. For all
experiments, animals were randomly assigned into treatment
groups, and experimenters were blinded to treatment. A new
cohort of mice was used for each experiment.

2.2. Pain assays
2.2.1. Spared nerve injury

Spared nerve injury (SNI) was performed as previously described°:
Mice were first anesthetized with halothane anesthesia (1.75%-
2.5%). After skin and muscle incision, 2 of the 3 terminal branches
of the sciatic nerve (sural and tibial) were tightly ligated with a 9-
0 silk suture (Ethicon, Somerville, NJ). Next, the ligated branches
were transected distal to the ligature, and ~2 mm of each distal
nerve stump was removed. In all animals, overlying muscle and
skin layers were closed separately by using 6-0 silk sutures
(Ethicon) and 7.5-mm suture clips (Harvard Apparatus, Holliston,
MA), respectively.*® A baseline recording of hanging behavior was
taken before the surgery (day —1, preoperative) and compared
with recordings taken after surgery (days 1, 4, 7, 14, and 28,
postoperative). In all sessions, mice were filmed for 24 hours,
starting immediately after lights off. Mice were returned to their
homecage in between testing periods (Mogil and Martin labs).

2.2.2. Plantar complete Freund’s adjuvant

Avolume of 15 pL of complete Freund’s adjuvant (CFA) (0.5 mg/mL
heat-killed Mycobacterium) was injected subcutaneously into the
plantar surface of the right hind paw. A baseline recording of hanging
behavior was taken before injection (day —1, pre-operative). On test
days (days 1, 4, 7, 11, and 14, postoperative), mice were filmed for
24 hours, starting immediately after lights off. Mice were returned to
their homecage in between testing periods (Mogil lab). In some CFA
experiments conducted at TCP (Toronto), cage lid interaction was
assessed using an automated capacitance sensing device. In these
experiments, 16-week-old C57BL/6N mice were tested at baseline
and 3 hours after intraplantar CFA injection (20 pL) for mechanical
sensitivity using the SUDO von Frey filament up-down method,”
heat sensitivity using the Hargreaves (radiant heat paw-withdrawal)
test, "® and tested again at 1 day postinjection for cage lid interaction
in the homecage (Flenniken lab).

2.2.3. Formalin

A volume of 10 pL of 1% formalin was injected subcutaneously
into the plantar surface of the right hind paw. The mice were then
individually placed in a second homecage for testing, which
contained bedding, food, and water. Mice were filmed for 2 hours
after the injection. The early phase of the formalin test was defined
as the first 5 minutes after injection and the late phase as 15 to 60
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minutes after injection. This experiment was conducted during
the dark cycle, and animals were housed in a reverse light: dark
cycle for one week before testing (Bonin lab).

2.2.4. Capsaicin

A volume of 5 pL of 0.5%, wt/vol CAP (dissolved in 80% saline,
10% Tween 80, and 10% ethanol) was injected subcutaneously
into the plantar surface of the right hind paw. The mice were then
individually placed in a second homecage for testing, which
contained bedding, food, and water. These experiments were
conducted during the light cycle, and mice were filmed for 2 hours
after the injection (Bonin lab).

2.2.5. Anterior cruciate ligament transection

To model posttraumatic osteoarthritis in male C57BL/6N mice,
anterior cruciate ligament (ACL) transection was performed as
previously described.®?> Sham surgery, where all surgical
procedures were conducted except the ACL transection, was
used as a control. Mice were housed with cagemates postsur-
gery, and hanging behavior was assessed between 12 and 13
weeks postsurgery, and then, percent hanging was normalized to
age-matched mice that received sham surgery. Behavior was
recorded overnight, and mice were filmed for 9 hours (Bonin lab).

2.2.6. Cyclophosphamide cystitis

Cyclophosphamide (CYP) was dissolved in physiological saline
and was injected i.p. at 3 different doses (30, 100, or 300 mg/kg).
Cyclophosphamide is converted to acrolein in the liver and
collects in the bladder, causing painful cystitis and allodynia in the
lower abdomen of mice.® The mice were then placed individually
in a second homecage for testing, which contained bedding,
food, and water. Mice were filmed for 9 hours after injection.
These experiments were conducted during the dark cycle, and
mice were housed in a reverse light: dark cycle for one week
before the experiment (Bonin lab).

2.2.7. Systemic lipopolysaccharide

Lipopolysaccharide (LPS) was dissolved in physiological saline
and injected i.p. at 3 different doses (1.5, 15, and 150 p.g/kg).
Lipopolysaccharide is a proinflammatory mediator that causes
sickness behavior in mice'® and causes generalized hyper-
algesia.?® The mice were then individually placed in a second
homecage for testing, which contained bedding, food, and water.
Mice were filmed for 9 hours after injection. These experiments
were conducted during the dark cycle, and mice were housed in a
reverse light: dark cycle for one week before the experiment
(Bonin lab).

2.3. Analgesic drugs

The following analgesic compounds were used in this study:
ketoprofen (5 mg/kg), tramadol (30 mg/kg), gabapentin (10, 30,
and 100 mg/kg) and (*)-trans-U-50,488H (10 and 25 mg/kg).
Gabapentin was a gift from Yves De Koninck (Université Laval),
and all other drugs were obtained from Millipore Sigma Chemical
Co. (Toronto, Canada). Drugs were dissolved in physiological
saline, and appropriate vehicle-treated groups were assessed
simultaneously. All drugs were administered i.p. in a volume of
0.01 mL/g body weight.

PAIN®

2.4. Homecage hanging experiments

For homecage behavioural tests, mice were placed individually in
a clean Allentown Micro-Vent cage (30 X 12 X 13 cm) with
minimal bedding and were covered with a stainless steel cage lid
that contained food and a water bottle. For all experiments, mice
were tested individually. A camcorder (Sony CX405) was set up
beside the cage allowing for an unobstructed side view. In
addition, a background was placed behind the cage to create a
contrast that enabled the optimal detection of the mice (CD-1:
dark background, C57BL/6N: white background). The experi-
menter left the behavioral testing room during video recording.
Videos were recorded in MPEG format and then converted to
MP4 format (320 X 240) for analysis.

2.5. HangBox hanging experiments

A holding chamber, the “HangBox,” was created to encourage
and allow an isolated analysis of the hanging behavior of mice.
The HangBox was designed as a small, transparent Plexiglas
chamber (15 X 15 X 12.5-cm height) enclosed with a modified
stainless steel cage lid repurposed from the cage lids used on
Allentown Micro-Vent cages. The steel lid was placed with the
angle facing upwards to facilitate mouse interaction and the lid
ends were fixed to the sides of the HangBox 7 cm above the floor,
while the peak of the lid is suspended approximately 12 cm above
the floor. Mice were placed in the box for one to 2 hours at a time
without bedding, food, or other environmental enrichment. A
camcorder (Sony CX405) was placed in front of the HangBox to
record hanging. These experiments were conducted during the
dark cycle and mice were housed in a reverse light: dark cycle for
one week before the experiment (Bonin lab).

2.6. Video-based analysis of hanging and behavior

HomeCageScan (CleverSys Inc, Reston, VA) software program
was used to quantify mouse behaviour in some experiments. The
software program analyzes and quantifies 38 predetermined
behaviors that were reclassified into 8 combined categories for
statistical analysis in accordance with previous studies'* (Supple-
mentary Table 1, available at http://links.lww.com/PAIN/B220). In
other experiments, EthoVision XT 12 (Noldus Information Tech-
nology, Wageningen, the Netherlands) was used to quantify
hanging behavior and distance traveled by each mouse throughout
the experiment. Using EthoVision, hanging behavior was defined
as when the center of a mouse’s body was located in the
designated “Hang Zone” approximately 3 cm from the stainless
steel cage lid and no paws were in contact with the cage floor. This
analysis approach was verified by comparing hanging behavior
measured by automated scoring to that measured by manual
scoring. Zone parameters were validated in pilot studies before
proceeding with experiments. There was a significant correlation (r
= 0.99, n = 101, P < 0.001) between hanging behavior scored
from automated and manual methods. EthoVision was used for all
experiments except the initial characterization of homecage
behaviors after SNI and CFA using HomeCageScan (Mogil lab).

2.7. Automated detection of cage lid interaction

To automate the detection of mouse interaction with the cage lid,
an Arduino-based device was developed to measure the
capacitance of the cage lid. Mouse contact with the cage lid
creates a spike in the measured capacitance with a sustained
increase in the capacitance while mice are hanging. Cage lid
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capacitance was continually assessed at a rate of 4 kHz, digitized
at 28-bit resolution, and output to a computer at a rate of 4 Hz. Up
to 4 cages were recorded simultaneously from each device. For
each mouse, all measured capacitance values were visualized as
a histogram. The generated histograms typically had a bimodal
distribution, with a predominant peak at lower values corre-
sponding to baseline lid capacitance and a second peak
corresponding to the combined capacitance of the lid and
mouse. Time spent hanging was calculated as the area of the
second peak over the total histogram area. The experiments
using electronic assessment of CFA-impaired hanging were
conducted using Tecniplast Green Line cages at TCP. The metal
lids used in Green Line cages had a large net capacitance with
high baseline variability, which prevented the detection of total
hanging time using the histogram approach described above. For
automated detection of cage lid interaction in Green Line cages,
the capacitance data were high-pass filtered by subtracting a
moving average of 500 samples to remove baseline variability.
After filtering, a contact detection threshold was set at >3 root
mean square (RMS) above baseline, and the frequency of contact
events was quantified as a measure of cage lid interaction.

2.8. Statistical analyses

Statistical analyses were performed using GraphPad Prism v.8 or
IBM SPSS Statistics for Windows v.20. In all figures, results are
expressed as the mean = SEM. In most experiments, results
were analyzed statistically using one-way analysis of variance
(ANOVA) to the saline/control group, followed by a post hoc
Dunnett test. Analgesic reversal of formalin, CYP, and LPS
depressed hanging behavior were analyzed statistically using
one-way ANOVA to the noxious stimulus group, followed by a
post hoc Dunnett test. Two-tailed t-tests or two-way ANOVA
were used as appropriate. Group differences at the level of
P < 0.05 were considered statistically significant.

3. Results

3.1. Hanging behavior is impaired in assays of pain

To identify novel behavioral correlates of pain in mice, we
evaluated the effect of sustained pain on typical homecage
behaviors. Naive, 8- to 12-week old, individually housed, male
and female CD-1 mice were exposed to one of 2 commonly used
pain assays: intraplantar injection of CFA and SNI. Intraplantar
injection of CFA into the mouse hind paw was used to induce
persistent inflammatory pain; in our hands and in this strain,
mechanical allodynia resolves by approximately 14 days post-
injection. SNI was used to induce chronic neuropathic pain in the
mouse hind limb that in our hands does not resolve even by 3
months postsurgery. Mouse behavior was recorded for 24 hours
in a homecage environment at baseline and several 24-hour
periods after the injury. Automated video tracking and behavioral
classification software program was used to determine the
percent of time mice spent participating in 8 distinct behaviors:
hanging, eating or drinking, exploring, vertical locomation,
horizontal locomotion, grooming, stationary or inactivity, and
sleeping.

We found that CFA had a significant effect on hanging
behavior, which was decreased by 73% from baseline one day
after the injection (Fg42 = 3.6, P = 0.005; Fig 1). Hanging
behavior remained significantly reduced through day 7, with
evidence of recovery by day 14. Complete Freund’s adjuvant had
no significant effect on the percent of time mice spent engaging in
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any other homecage behaviors on day one postinjection (sleep:
F(6y49) = 1.4, P = 0.23; horizontal: F(6149) = 2.0, P = 0.08; vertical:
F(6,35) =1.7,P=0.15; Stationary: F(6y49) =1.0,P = 0.40; groom:
Fe,a9) = 0.80, P = 0.62; explore: Fg 42 = 1.1, P = 0.37; eating/
drinking: Fg 49y = 1.9, P = 0.10). Although not significant, there
was a trend towards decreased eating/drinking on day one
postinjection.

An effect on hanging behavior was also found using the SNI
assay, where hanging was decreased by 78% from baseline on
day one after surgery (Fs 40 = 10.5, P < 0.001) and did not
recover by day 28 (Fig. 1). Spared nerve injury also significantly
reduced eating/drinking behavior by 42% (Fsaq = 4.6, P
=0.002; Fig. 1) and exploration by 40% (F(5 40) = 2.5, P =0.02;
Fig. 1) one day postsurgery. Although exploration recovered
back to baseline by day 28, eating/drinking remained significantly
impaired. There was no significant difference in other homecage
behaviors across the time course of the study (stationary: Fs 40) =
1.1, P = 0.39; grooming: Fs 40 = 1.1, P = 0.36; sleeping: Fs 4
= 0.60, P = 0.69; horizontal: Fi5 40y = 0.30, P = 0.89, Fig. 1).
Although not significant, there was a strong trend towards
decreased vertical locomotion after SNI (vertical: Fis 40y = 2.4, P =
0.053). Collectively, these results suggest that hanging is the
homecage behavior most reliably impacted by traditional
persistent pain assays.

We next investigated whether effects on hanging behavior
generalize to other preclinical pain assays, another hanging
measurement technique, and another mouse strain. First, we
tested whether assays of shorter-term pain in the hind paw
(formalin and capsaicin) decrease hanging. In this experiment, we
streamlined the analysis process by selectively measuring
hanging behavior using Ethovision (Noldus) tracking software
(see Methods for details). We found that injection of formalin (1%,
10 pl) or capsaicin (0.5%, 5 pl) reduced hanging behavior by
78% and 67%, respectively, compared with baseline hanging
(formalin: t14) = 156.7, P <0.001, n = 12; capsaicin: ty = 4.97, P
=0.002, n = 8; Fig. 2A). We additionally assessed the impact of
osteoarthritis on hanging behavior using the ACL transection
model. At 12 weeks postsurgery, we observed a 61% reductionin
hanging compared with age-matched mice that received a sham
surgery (t 7) = 4.43, P=0.003, n = 8; Fig. 2A). We further verified
that SNI reduced hanging behavior in C57BL/6N mice compared
with baseline activity (46% reduction; ;1) = 6.90, P < 0.001,n =
12, Fig. 2A), and confirmed that intraplantar CFA impaired
hanging behavior in C57BL/6N mice (32% reduction; tq) = 2.86,
P=0.02, n = 10, Fig. 2A). These results indicated that hanging
behavior is significantly decreased in pain assays targeting the
hind limbs. Furthermore, the impairment in hanging observed
after CFA or SNl is consistent across 2 mouse strains.

Because targeting the hind limb may impede the physical
ability of the mouse to hang, we next explored effects on hanging
behavior using assays that do not target body parts involved in
hanging. We began by investigating the effect of systemic
inflammation on hanging behavior. To model systemic inflam-
mation, we injected animals with LPS (15 pg/kg, i.p.). Lipopoly-
saccharide is a proinflammmatory mediator that causes sickness
behavior in mice'? and causes generalized hyperalgesia.?® We
found that LPS significantly reduced the hanging behavior by
93% (t (11) = 38.5, P < 0.001, n = 12, Fig. 2A). Next, we used a
bladder cystitis model, cyclophosphamide (CYP, 100 mg/kg,
i.p.), to induce cystitis and allodynia in the lower abdomen of
mice.® Acute injection of CYP decreased hanging behavior by
77% (t10) = 17.5, P < 0.001, n = 11, Fig. 2A). These data
suggest that systemic models that do not target the hind paw also
reduce hanging in mice.
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Figure 1. Hanging behavior is impaired in models of inflammatory and neuropathic pain. (A) The effect of injection of complete Freund’s adjuvant (CFA) or spared

nerve injury (SNI) on 8 distinct homecage behaviors of CD-1 mice was quantified

using automated video scoring (CleverSys HomeCageScan). Data are shown as

the percentage of time mice participated in each behavior over 24 hours (average + SEM). Note that hanging behavior is reduced after both CFA and SNI, but only
recovers to normal levels after CFA, not after SNI. *P < 0.05, **P < 0.01, ***P < 0.001 compared with baseline (—1).

3.2. Impairments in hanging behavior are dose-dependent
and reversed by analgesics

Having demonstrated that hanging behavior is impaired in various
pain assays, we next investigated whether the extent of impairment
is correlated with the likely degree of pain experienced by mice, and
whether it is reduced by analgesic treatments. We first examined
whether pain intensity affected the degree to which hanging behavior
was impaired. We administered CYP (30, 100, 300 mg/kg; i.p.) or
LPS (1.5, 15, 150 pg/kg; i.p.) to mice and their behavior was
recorded over 9 hours during their active period. For both CYP and
LPS, hanging behavior decreased in a dose-dependent (and thus,
presumably noxious stimulus intensity-dependent) manner (Figs.
2B and C). Although 30 mg/kg CYP had no effect on hanging
behavior, 100 and 300 mg/kg CYP caused a 76% and 90%
reduction in hanging behavior, respectively (Fg zg) = 7.4, P < 0.001,
CYPO: n=21; CYPSO: n=7,P=0.41; CYP1OO: n=7,P<0.006
CYP300:n = 8,P <0.001, Fig. 2B). Even atalow dose, LPS (1.5 ng/
kg) decreased hanging behavior by 73% (Fg a3 = 16.4, P < 0.0001,
LPSy: n = 15; LPS; 5: n = 8, P < 0.001, Fig. 2C). Higher doses of
LPS, 15 pg/kg and 150 pg/kg, aimost completely depressed
hanging with decreases of 87% and 92%, respectively (LPSs: n =
6, P < 0.0001; LPS;50: n = 8, P < 0.0001, Fig. 2C).

We further tested the correlation between impaired hanging and
pain behavior using the formalin assay, measuring the time spent
licking or biting the hind paw after injection of dilute formalin solution
into a rodent’s paw.** After intraplantar formalin administration (1%,
10 pb), both hind paw licking/biting and hanging behaviors were

recorded over one hour. We found a significant negative correlation
between hanging behavior and licking/biting behavior (- = —0.44,
n =18, P = 0.05, Fig. 2D).

We next assessed whether the analgesic gabapentin dose-
dependently restores hanging behavior after SNI in a manner
correlated with hypersensitive withdrawal responses from von Frey
tests in mice. This experiment used a crossover design, with a 72-
hour washout period between injections. Spared nerve injury
robustly decreased hanging behavior and mechanical paw with-
drawal thresholds one week after surgery (Fig. 2E). The impairment
of both hanging and withdrawal threshold were significantly reversed
by gabapentin at doses from 10 to 100 mg/kg compared with saline
treatment (hanging: Fg o4 = 9.2, P < 0.0001; paw withdrawal: Fg 24
= 36.8, P < 0.0001, Fig. 2E). This result also demonstrates strong
parallels of both paw-withdrawal threshold and hanging in response
to gabapentin dose. Notably, the time spent hanging correlated
significantly with the withdrawal threshold, indicating that increased
mechanical allodynia was associated with decreased hanging (- =
0.45, P=0.005, n = 36, Fig. 2F).

Next, we asked whether the effects of formalin on hanging
behavior can be reversed by analgesics. We administered formalin
(1%, 10 pL, intraplantar) to mice pretreated with either conven-
tional analgesics such as ketoprofen (5 mg/kg, i.p.), tramadol (30
mg/kg, i.p.), gabapentin (100 mg/kg, i.p.), or the selective kappa
opioid agonist U50,488H (10 mg/kg, i.p.). Centrally acting kappa
opioid agonists generally induce analgesia in preclinical pain
assays but have failed to show efficacy as analgesics in clinical
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Figure 2. Impairments in hanging behavior are noxious stimulus intensity—dependent and reversed by analgesics. (A) The effect of nociceptive assays targeting the
plantar region or systemic circulation on hanging behavior of C57BL/6N mice. Values represent time hanging after different assays normalized to control (saline
injection or sham surgery as appropriate); intraplantar formalin (1% in 10 pL); intraplantar capsaicin (0.5% in 5 pL); osteoarthritis induced by ACL transection;
spared nerve injury (SNI); intraplantar CFA; lipopolysaccharide (LPS, 15 wg/kg); and cyclophosphamide (CYP, 100 mg/kg). Dose-dependent reductions in
hanging behavior were observed after i.p. injection of (B) CYP (30, 100, and 300 mg/kg) and (C) LPS (1.5, 15, and 150 wg/kg). (D) Intraplantar injection of formalin
(1%, 10 pl) induced nocifensive licking and biting behavior in C57BL/6N mice. The total amount of time spent licking or biting 45 minutes after injection was
inversely correlated with the amount of time mice participated in hanging behavior (r = —0.44, P = 0.05). (E) Dose-dependent effect of gabapentin (10, 30, and 100
mg/kg, i.p., n = 9, crossover design) on hanging behavior or mechanical paw withdrawal threshold (PWT) assessed using the SUDO assay with von Frey filaments
one week after SNI. Data are shown normalized to presurgery values. (F) The amount of time mice spent hanging and paw PWT relative to presurgical levels for all
mice in graph E were correlated such that decreased time hanging was associated with lower PWT after SNI (n = 36, r = 0.39, P =0.02). (G-l) Analgesics reversed
the reduction of hanging behavior seen in different pain models. (G) The effect of formalin (1%, 10 pL, intraplantar) on hanging was reversed with either ketoprofen
(5 mg/kg, i.p.), tramadol (30 mg/kg, i.p.), or gabapentin (100 mg/kg), but not reversed with U50,488H (10 mg/kg, i.p.). (H) The effect of CYP (100 mg/kg, i.p.) on
hanging was reversed by ketoprofen (5 mg/kg, i.p.) and tramadol (30 mg/kg, i.p.) but not gabapentin (100 mg/kg, i.p.). () The effect of LPS (15 pg/kg, i.p.) was
reversed by ketoprofen (5 mg/kg, i.p.). Data represented as mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with noxious stimulus group. CFA,
complete Freund’s adjuvant; ACL, anterior cruciate ligament.

trials.>*3  Previous studies showed that U50,488H dose-
dependently produced analgesia in the mouse formalin assay,*®
tail-withdrawal assay,?” and acetic acid writhing assay, but failed
to reverse acid-induced conditioned place aversion in mice.® We
found that ketoprofen, tramadol, and gabapentin reversed the
effect of formalin on hanging behavior. However, U50,488H did not
significantly reverse formalin-induced depression of hanging
behavior (Fs, s7) = 7.6, P < 0.001, formalin: n = 21; vehicle: n =
23, P < 0.001; +ketoprofen: n = 12, P = 0.001; +tramadol: n =
12, P <0.001; +gabapentin:n = 13, P = 0.005; +U50,488H: n =
10, P = 0.50, Fig. 2G). Notably, administration of these analgesics
alone had no significant effect on the time mice spent engaging in
hanging behavior (Fu ey = 0.7, P = 0.57) (Fig. S1A, available at
http://links.lww.com/PAIN/B220), indicating the analgesics do not
cause sedation or motor impairment at the doses used. We further
confirmed that U50,488H at both 10 mg/kg and 25 mg/kg
significantly reduced the total time mice spent licking the formalin-
injected hind paw (1%, 10 plL) (Fig. S1B, available at http://links.
ww.com/PAIN/B220), consistent with the analgesic effects of
kappa-opioid agonists seen in reflexive measures of pain but not
observed in more complex behavioural measures indicative of a
pain “state.”®® This suggests that pain likely drives the formalin-
induced impairment in hanging, and hanging behavior is a
translationally relevant outcome measure of pain in mice.

We additionally tested whether analgesics could also reverse
the effect of systemic inflammation on hanging behavior. Mice

were coadministered CYP (100 mg/kg, i.p.) with ketoprofen (5
mg/kg), tramadol (30 mg/kg), or gabapentin (100 mg/kg). We
found that ketoprofen and tramadol, but not gabapentin,
reversed the effect of CYP on hanging behavior (Fu, g3 = 9.5,
P < 0.001, CYP: n = 11; vehicle: n 21, P < 0.001;
+ketoprofen: n = 12, P = 0.03; +tramadol: n = 12, P = 0.01;
+gabapentin: n = 12, P > 0.99, Fig. 2H). Our present findings
are consistent with previous studies that show that gabapentin
does not affect CYP-induced pain-related behaviors. Finally, we
coadministered LPS (15 ng/kg; i.p.) with ketoprofen (5 mg/kg).
We found that ketoprofen reverses the effect of LPS on hanging
behavior (Fip, 3y = 21.2 P < 0.001, LPS: n = 12; vehicle: n = 15,
P < 0.001; +ketoprofen: n = 12, P = 0.002, Fig. 2I). Specifically,
our results with analgesics suggest that changes in hanging
behavior are driven predominantly by pain in mice and thus, these
impairments can act as a sensitive measure of pain.

3.3. Hanging behavior varies with age and strain

We next examined the ethological basis of hanging by evaluating
the behavior for 5 months in pain-naive male and female C57BL/
6N mice, starting when the mice were one month old. Mice were
assessed for 24 hours once a month and returned to their
homecages between testing sessions. In all groups of mice,
hanging behavior was greatest during the dark phase and when
mice were first introduced into the observation cage (Figs. 3A
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and B). Mice tend to be more active during the dark phase and
have a natural drive to explore a novel cage environment, which is
consistent with our results.*'® To investigate the effects of age
and sex on hanging behavior, we performed a two-way ANOVA
on hanging behavior from mice aged 2, 4, and 6 months with age
and sex as between-subject factors. We observed a main effect
of age (Fs, 84y = 9.9, P < 0.0001) and sex (F1, g4y = 42.6,
P < 0.0001) but no interaction of age and sex (Fs, g4 = 0.7,
P = 0.65, Figs. 3C and D). Overall, females showed significantly
more hanging behavior than males, and mice exhibited the most
hanging behavior at 2 months old.

Because previous studies have shown that strains of mice
differ in behavior, including pain-related behavior,®' we next
performed a series of experiments investigating the effects of
strain on hanging. We performed a two-way ANOVA with strain
and sex as between-subject factors. Because we had previously
observed robust hanging behavior in two-month-old mice, we
used this age group exclusively for the present experiment. We
observed a main effect of strain (Fy, g2y = 33.9, P < 0.0001) and
sex (F1, g2 = 49.4, P < 0.0001) but no sex-by-strain interaction
(Fa, 82 = 3.1, P = 0.08, Fig. 3E). As in our previous experiment,
female mice showed significantly more hanging behavior than
males (Fig. 3E). Furthermore, we observed that hanging behavior
was greater in C57BL/6N mice than in CD-1 mice (Fig. 3E).

These results indicate that hanging behavior varies with age,
sex, and strain. However, because these 3 variables are
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associated with weight differences, our findings might also be
explained by differential weight. We investigated the effect of
weight on hanging behavior by analyzing the combined data from
all the naive 2-month-old male C57BL/6N mice across our
experimental groups. We found no correlation between the
weight of the mouse and hanging behavior in this group of
animals (- = 0.07, P = 0.28, n = 65, Fig. 3F).

3.4. Development of automated approaches for assessing
hanging behavior

In our previous experiments, we measured hanging behavior in a
standard homecage environment through automated video
scoring (HomeCageScan and EthoVision). However, a home-
cage environment is a more complex setting where multiple
behaviors may compete with hanging behavior. We reasoned
that a specialized testing environment designed to encourage
hanging might increase the frequency of behavior and facilitate
observation of the behavior of interest. Accordingly, we de-
veloped a specialized testing apparatus, the HangBox, to
measure hanging behavior. The HangBox, measuring 15 X 15
X 12.5-cm height, is considerably smaller than a typical mouse
homecage. The HangBox contains a slanted grid for hanging and
does not include any other objects or bedding, which could
encourage other behaviors such as burrowing. Using our
automated video scoring method, we compared hanging
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Figure 3. Hanging behavior is dependent on circadian and physiological factors of age, sex, and strain. (A) Hanging behavior in 1- to 6-month-old male (n = 8)and
(B) female (n = 8) C57BL/6N mice over a 24-hour period. Peak hanging periods occurred upon introduction of mouse to the testing cage and during the dark
phase. (C) Hanging behavior of male (n = 8) and (D) female (n = 8) C57BL/6N mice expressed as total percentage of time of a 24-hr period at different ages. Two-
month-old mice show significantly higher hanging behavior than older and younger mice in both males and females. (E) The effect of sex and strain on hanging
behavior. C57BL/6N mice (n = 26 male, 26 female) showed significantly more hanging behavior than CD-1 mice (n = 17 male, 17 female). Female mice showed
more hanging than age-matched male mice regardless of strain. (F) Hanging behavior of 2-month-old naive male C57BL/6N mice (n = 64) did not correlate with
the weight of mice. Data represented as mean = SEM. *P < 0.05, **P < 0.01, **P < 0.001 as indicated.
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behavior in the HangBox to that in the homecage environment. As
we predicted, hanging behavior was significantly more frequent
when using the HangBox, increasing by 52% (homecage: n = 36;
HangBox: n = 24, t sy = 2.5, P = 0.02, Fig. 4A).

The current approach to quantifying hanging behavior requires
video recordings and analysis of each cage, which can be labor-
intensive and costly in terms of analysis time and data storage
requirements. To increase the throughput of hanging behavior
measurement, we next developed an electronic device that could
automatically quantify hanging behavior within the mouse cage.
Because hanging involves the mouse contacting the metal cage
lid, our device can detect hanging by electronically measuring
changes in the cage lid capacitance associated with mouse
contact. Using the HangBox, we compared the duration of
hanging assessed electronically with the duration of hanging
assessed from video scoring in two-month-old male C57BL/6N
mice. Mice received either systemic saline (n = 12) or CYP to
model cystitis (N = 12). Notably, the lid contact time measured by
capacitance includes both contact during rearing and sniffing as
well as actual hanging, making the contact time by capacitance
larger than the hanging time alone measured by video analysis.
Nevertheless, we observed a significant correlation between
cage lid interaction time measured electronically and by direct
video analysis (- = 0.90, P < 0.0001, n = 24, Fig. 4B). We then
used the capacitance sensing device to quantify hanging
behavior over 2 hours (with the HangBox) and observed a robust
decrease in hanging after CYP when assessed using both
automated video scoring (tep) = 2.4, P = 0.03, Fig. 4C) and
electronic assessment (o = 2.1, P = 0.047, Fig. 4C).

Finally, we used the capacitance sensing device to measure
hanging behavior in a homecage environment one day after
intraplantar administration of CFA (Fig. 4D). 16-week-old C57BL/
6N mice were placed in a clean homecage for one hour after
injection during which cage lid capacitance was continuously
measured. We also assessed thermal and mechanical with-
drawal thresholds before and after injection using the Hargreaves
and von Frey tests, respectively (n = 35). Intraplantar CFA
reduced cage lid interaction from baseline (tz4) = 3.0, P = 0.005),
as well as reduced latency to withdraw from thermal stimuli (44%
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reduction, tgs = 8.9, P < 0.0001) and reduced mechanical paw
withdrawal threshold (43% reduction, ts = 10.8, P < 0.0001).
Notably, the change in lid interaction after CFA significantly
correlated with both the changes in the Hargreaves (r = 0.40, P =
0.02) and von Frey (r = 0.36, P = 0.02) tests.

4. Discussion

Our study aimed to identify changes in spontaneous behaviors
associated with pain in mice that could be measured in natural
homecage environments. Conducting an unbiased, prospective
analysis of mouse behavior, we determined that cage-lid hanging
is the only homecage behavior that is reliably impacted by multiple
assays featuring sustained pain. Notably, the impairment in
hanging was noxious stimulus intensity-dependent and could be
reversed by analgesics, indicating that this behavior has broad
suitability as an outcome measure in preclinical pain research and
analgesic development. In our characterization of cage-lid
hanging behavior in pain-free mice, we observed that cage-lid
hanging varies with the age, sex, and strain of the mouse. To
facilitate the automated measurement of hanging behavior, we
developed the “HangBox,” a standardized arena that increases
the incidence and facilitates observation of hanging behavior. We
also created a capacitance-sensing device that can automatically
quantify hanging without the use of video recording. Of course,
one of the main advantages of hanging as a pain outcome
measure is that the behavior can be assessed without the stress
of removing rodents from their homecage for testing. Use of the
HangBox obviates this advantage, in exchange for streamlining
assessment of hanging. Thus, we expect that users will adopt the
version that best suits their experimental purposes.

To see whether impairment of cage-lid hanging behavior in
mice is generalizable across different types of pain, we measured
the behavior in multiple assays. In 5 common assays that target
the hind limb (formalin, capsaicin, ACL transection, CFA, and
SNI), we found that hanging behavior was significantly impaired
(by as much as 76%). We also found that cage-lid hanging
behavior was reduced in assays that did not target the hind limb,
including a systemic inflammation assay (LPS) and a model of
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Figure 4. Hanging behavior can by isolated as a measure of pain using a dedicated hanging environment and automated detection strategies. (A) Hanging
behavior was assessed using a normal homecage and a dedicated hanging assay comprised of a small box with an angled metal grid (HangBox). Male C57BL/6N
mice spent significantly more time engaged in hanging in the HangBox (n = 24) compared with the homecage (n = 36). (B) Lid contact in the HangBox was
detected using a capacitance sensing device for automatic assessment of hanging behavior. Automated detection of the amount of time mice were in contact with
the metal lid through capacitance detection strongly correlated with amount of time mice were engaged in hanging as assessed by video scoring (r = 0.90, n = 24).
(C) The effect of cyclophosphamide (CYP) on hanging behavior of male C57BL/6N mice in the HangBox measured by both EthoVision and the capacitance
sensing device. CYP (n = 12) decreased hanging in the HangBox assay compared with saline injected mice (n = 12) when hanging behavior was assessed by
either video (EthoVision) or capacitance sensing. (D) Intraplantar CFA (n = 35) significantly reduced cage lid interaction frequency as measured by capacitance
sensing one day after injection (compared with baseline). Data represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with saline/baseline.

CFA, complete Freund’s adjuvant.
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bladder cystitis (CYP). Thus, our data suggest that it is pain per se,
not a physical inability to hang, that causes the reduction in cage-
lid hanging. This is further supported by evidence that the degree
of hanging impairment was stimulus intensity-dependent and
reversed by conventional analgesics. Of note, our data showing
that gabapentin reversed the effect of formalin but not the effect of
CYP on cage-lid hanging behavior are consistent with previous
studies showing a lack of gabapentin analgesia in the CYP
model.*® Moreover, we found that the kappa-opioid agonist
U50,488H failed to reverse formalin-impaired hanging despite
reducing formalin-induced hind paw licking. This is consistent
with observations that kappa-opioid agonists are antinociceptive
in reflexive or spontaneous pain measures but fail to restore pain-
depressed unconditioned behaviours such as nesting that may
have more clinical relevance.®* As a result of this analgesic profile,
kappa agonists have been suggested to be tested as a negative
control in the development of new translational pain assays, given
the largely failed efforts to develop this class of drugs into clinically
viable analgesics.®® These findings therefore indicate that the
clinical effects of analgesics can be recapitulated in the cage-lid
hanging assay, and further suggest this assay may be of use for
analgesic drug screening. Collectively, our results indicate that an
impairment in cage-lid hanging behavior can act as a transla-
tionally relevant and sensitive, if indirect, measure of ongoing pain
in mice.

The perception of pain in humans is complex and varies with
factors such as age and sex/gender. We found that younger mice
exhibited increased cage-lid hanging behavior, with the peak of
hanging behavior occurring at 2 months of age. The age-related
decline in hanging may be a function of the decreased overall
activity and exploratory drive associated with aging.??2° In
addition, we found that C57BL/6N mice hang significantly more
than CD-1 mice. Strain-specific differences in cage-lid hanging
are not surprising because robust strain differences in other
complex behaviors, including those related to pain responsive-
ness, have been previously reported.®! It is advantageous that
C57BL/6N mice exhibit high cage-lid hanging behavior because
this strain is used as the genetic background of many extant
transgenic mouse strains.

It is unclear what physiological or neurological processes
regulate hanging behavior, and likewise, what processes are
altered by pain to reduce hanging. Further research into the
physiological factors driving hanging behavior is necessary to
understand their relationship to nociceptive processing.

Our goal was to identify a novel, spontaneous, and transla-
tionally relevant pain outcome measure that could be measured in
a natural homecage environment without direct experimenter
involvement. Current preclinical pain research often uses
experimenter-evoked pain outcome measures, and experiments
are conducted under highly artificial and potentially stressful
conditions.'®2128:29.8541 Thase factors, along with difficulty in
measuring rodent behaviors relevant to the human pain
experience,®3° significantly limit the clinical relevance, and thus
the ultimate translatability, of preclinical pain research. Cage-lid
hanging behavior may represent a novel pain outcome measure
that circumvents many of these problems. Cage-lid hanging can
be assessed within a homecage environment, obviating the need
to remove the mouse from their homecage and be subjected to
handling and novelty stress. Furthermore, Cage-lid hanging is a
spontaneous behavior in which mice engage voluntarily and can
be assessed objectively and remotely. Hanging behavior can also
be measured through wholly automated scoring, which mini-
mizes subjectivity. Finally, hanging may be more aligned than
other common outcome measures with the clinical reality of
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chronic pain, given that the behavior may reflect a mouse’s
internal emotional and/or motivational state.’®192° QOverall, we
believe cage-lid hanging is a translationally relevant pain-
associated behavior that can be assessed with minimal stress
and experimenter interaction and is ideal for cases where high-
throughput testing is required.

Our observation that the depression of cage-lid hanging is a
behavioral measure of pain was replicated across 4 different
laboratories, demonstrating the robustness and consistency of
this novel pain outcome measure. The tools we have developed,
including the HangBox and the capacitance-sensing device that
automates hanging quantification, can greatly facilitate the
assessment of hanging behavior. It is possible that evaluating
changes in cage-lid hanging could be useful in other rodent
models of disease, such as sensory disorders, motor disorders
(such as Huntington disease and ALS), cancer, and diabetes.
Overall, we have identified and characterized a novel, etholog-
ically valid pain outcome measure that may improve the trans-
lational potential of preclinical pain research and the development
of new analgesic drugs.
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