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ARTICLE INFO ABSTRACT

Keywords: Background: Management of pain post-surgery is crucial for tissue healing in both veterinary and human med-
Plantar incision icine. Overuse of some analgesics such as opioids may lead to addictions and worsen pain syndromes (opioid-
Laparotomy

induced hyperalgesia), while underuse of it may affect the welfare of the patient. Therefore, the importance of
using surgery models in laboratory animals is increasing, with the goal of improving our understanding of pain
neurobiology and developing safer analgesics.

Methods: We compared the widely used plantar incision model with the laparotomy surgery model and measured
pain-related behaviors using both spontaneous and evoked responses in female and male C57BL/6J mice.
Additionally, we assessed conditioned place preference (CPP) and sucrose preference tests to measure pain-
induced motivation for the analgesic ketoprofen and anhedonia-like behavior.

Results: Laparotomized mice showed increased abdominal sensitivity while paw-incised mice showed increased
paw thermal and mechanical sensitivity up to seven days post-surgery. Laparotomy surgery reduced all spon-
taneous behaviors in our study however this effect dissipated by 24 h post-laparotomy. On the other hand, paw
incision only reduced the percentage of cage hanging in a sex-dependent manner at 6 h post-incision. We also
showed that both surgery models increased conditioned place preference for ketoprofen while preference for
sucrose was only reduced at 24 h post-laparotomy. Laporatomy, but not paw incision, induced a decrease in body
weight at 24 h post-surgery. Neither surgery model affected fluid intake.

Conclusion: Our results indicate that post-surgery hypersensitivity and behavioral deficits may differ by the
incision site. Furthermore, factors associated with the surgery including length of the incision, duration of the
anesthesia, and the layers that received stitches may affect subsequent spontaneous behaviors. These findings
may help to improve drug development or the choice of the effective analgesic, depending on the surgery type.

Spontaneous Behavior
Evoked Behavior
Acute Pain

Introduction sleep disturbance. Furthermore, as stated in the Federal Pain Research

Strategy Recommendations, “acute pain assessment and management

Acute postsurgical pain (PSP) is a highly prevalent consequence of
surgery, with an incidence of 5-85 % depending on the type of surgery.
Inadequately treated acute PSP is a strong predictor for development of
chronic post-surgical pain, a known risk factor for prescription opioid
misuse. Currently, the most common indication for opioid initiation is
surgery (Ladha et al., 2019) and unfortunately, opioids remain to be the
cornerstone treatment of postsurgical pain despite their unreliable effi-
cacy and adverse effects (Gan, 2017). In addition, ineffective PSP control
is associated with poor outcomes including increased length-of-stay and

are commonly inadequate, pharmacologic treatments are imprecise and
associated with adverse effects”. Considering that >320 million sur-
geries are performed each year worldwide (Weiser et al., 2016), more
effective and safer analgesic drugs are needed. Basic science studies in
rodent models of surgical incision are critical to identify potential tar-
gets and enable translation of these findings into clinical practice more
rapidly.

The widely used postsurgical plantar incision pain model was
developed by Brennan et al. in rats in the 90 s (Brennan et al., 1996) and
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this model was brought to the mice by Pogatzki and Raja (Pogatzki &
Raja, 2003). Other pain models related to surgical injuries have been
developed, in particular abdominal surgery, such as the laparotomy
mouse model. The primary aim of this study is to compare these two
widely used mouse models in terms of pain-related behaviors using the
same experimental conditions. Measuring pain-related behaviors in ro-
dents is challenging because as prey animals, this species does not
voluntarily exhibit obvious signs of pain. The majority of behavioral
tests currently used to measure pain in animals are evoked nociceptive
mechanical, thermal and cold sensitivity tests. These tests have the
advantage of being simple to set up and quite reproducible. Neverthe-
less, they have the disadvantage of being experimenter dependent.
Moreover, since pain is an unpleasant sensory and emotional experi-
ence, more and more studies are using non-evoked tests for the evalu-
ation of pain in mice and rats. Recently, we have proposed the use of
wheel running, the burrowing and nesting tests to evaluate behaviors
supposed to be measure “activities of daily living” in humans (Toma
et al., 2017; Contreras et al., 2021). In addition, the conditioned place
preference (CPP) test coupled with the use of analgesic represents a
valuable tool to assess pain relief in animals.

Using a battery of evoked nociceptive testing and spontaneous
behavioral measures, we compared assessment of the two PSP models in
adult female and male C57BL/6J mice, the most widely used inbred
mouse strain in biomedical research. In addition, we assessed the
analgesic-like effect of ketoprofen in the two models using the condi-
tioned place preference (CPP) test.

Material and methods
Animals

The experiments were performed on C57BL/6J adult female and
male (50 % female and 50 % male for each group) mice 8-10 weeks
years old purchased from The Jackson Laboratory (Bar Harbor, ME).
Animals were housed four per cages with an enriched environment and
maintained on a 12 h light/dark cycle (lights on at 07:00 h), with a room
temperature of 22 °C, with ad libitum access to food (global 18 % protein
chow diet; Envigo Teklad, Indianapolis, IN, USA) and water. All exper-
iments were performed during the light cycle. The study was approved
by the Institutional Animal Care and Use Committee of Virginia
Commonwealth University. All studies were carried out following the
National Institutes of Health’s Guide for the Care and Use of Laboratory
Animals. All mice were observed daily for general well-being and their
weight was measured daily.

Paw incision procedure

The paw incision procedure was performed as described by Cowie &
Stucky, (2019). Mice were anesthetized with 5.0 % isoflurane and
maintained using a constant stream of 2.5 % isoflurane in oxygen using a
face mask and vaporizer. The surgical site was disinfected with beta-
iodine. All surgeries were performed by the same surgeon (EU) to
ensure consistency, and all surgeries performed between 08:00 AM and
11:00 AM. A 0.5- to 1.0-cm incision was made through the skin and
fascia of the right hind paw. After the incision flexor muscle was
elevated and cut longitudinally with a scalpel, keeping the origin and
insertion intact. Two sutures (5-0 nylon, discontinuous) were used to
close the wound and only the skin was sutured and not the muscle. The
total duration of surgery was between 7 and 10 min. Once recovered
from anesthesia, mice were placed back into their home cages instead of
new cages to avoid novelty-induced anxiety. Every surgical group’s
corresponding sham group received the same duration of isoflurane at
the same time and the surgical site was disinfected but no incisions were
made. Animals that removed the suture were not included in the studies
and sutures were not removed by the experimenter to avoid extra
anesthesia and manipulation of the paw. The thickness of the right paw
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was measured both before and after paw incision at the end of me-
chanical and thermal sensitivity assays using a digital caliper (Traceable
Calipers, Friendswood, TX, USA). Data were recorded to the nearest +
0.01 mm and expressed as a percent change from baseline paw
thickness.

Laparotomy procedure

Laparotomy surgeries were performed as described by Oliver et al.
(2018) with slight modification. Mice were anesthetized as described
above. Abdominal hair was clipped with nose hair clippers and the
surgical site was disinfected with beta-iodine. All surgeries were per-
formed by the same surgeon (EU) to ensure consistency, and all surgeries
performed between 08:00 AM and 11:00 AM. A 1.0- to 1.5-cm midline
abdominal incision was made through the skin and then extended
through the linea alba. To mimic visceral manipulation associated with
various surgeries, a sterile cotton swab was inserted and moved
throughout the abdomen for 30 s. The abdominal muscle layers and skin
was closed by using 5-0 nylon suture in a discontinuous pattern. The
total duration of surgery was between 7 and 10 min. Once recovered
from anesthesia, mice were housed back to their cages instead of new
cages to avoid novelty-induced anxiety. Every surgical group’s corre-
sponding sham group received the same duration of isoflurane at the
same time and their hair was clipped and surgical site disinfected but no
incisions were made.

Behavioral testing

Testing protocol. For each test, a different cohort of mice was used,
except for mechanical and thermal sensitivity after paw incision in
which these two tests were performed in the same cohort. For reflexive
tests in paw incision, baseline measurements were taken one day before
the surgery. Paw sensitivity was assessed daily, and abdominal sensi-
tivity was assessed every other day based on our preliminary experi-
ments. For non-reflexive tests, baseline tests were performed one day
before the surgery. After surgery, the same mouse was subjected to the
same test at 2 h, 6 h, 24 h, and 48 h post-surgery except for wheel
running. Because the wheel running test was 2 h long, to prevent fatigue
of the animals, a separate cohort was used for postop 6 h. Mice were
randomizing to treatment and behavioral observations were blinded to
treatments and sex of mice.

Paw mechanical sensitivity. Mechanical withdrawal thresholds were
determined according to the method of Chaplan et al. (1994) with slight
modifications. Mice were placed in clear plastic cylinders (9 x 11 cm)
with mesh metal flooring and allowed to acclimate for 15 min before
testing. A series of calibrated von Frey filaments (Stoelting, Inc., Wood
Dale, IL, USA) with logarithmically incremental stiffness ranging from
2.83 to 4.56 units expressed log10 of (10 x force in (mg)) were applied
to the paw using a modified up-down method. Each hair was presented
perpendicularly against the paw, with sufficient force to cause slight
bending, and held 2 to 3 sec. The stimulation of the same intensity was
applied two times to the hind paw at intervals of a few seconds. The paw
withdrawal threshold (PWT) was expressed in grams (g), indicating the
force of the von Frey hair to which the animal reacted (paw withdrawn,
licking, or shaking). The data are expressed with the results from the
ipsilateral paw of each mouse.

Abdominal mechanical sensitivity. Abdominal sensitivity was assessed
with a scoring system, adapted from Schiene et al. (2019), on a scale of
0-3 the withdrawal reactions to 5 abdominal stimulations with a 0.4 g
von Frey filament (one stimulation every 2 min), where a score of
0 indicated no response; 1 indicated lifting of the abdomen, licking or
movement; 2 indicated hind-paw extension or flinching, slight jumping
or strong licking; and 3 indicated strong jumping or running inside the
chamber. The pain score was the sum of scores for all stimulations.
Based on our preliminary studies, animals were tested every other day
with only one filament to avoid sensitization. The filament of 0.4 g was
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chosen again based on our preliminary studies as 0.16 g was not enough
to elicit a substantial response and 0.6 g was over-stimulating as sham
and surgery reacted in the same manner.

Thermal Sensitivity. Thermal hyperalgesia was measured via the
Hargreaves test. Mice were placed in clear plastic chambers (7 x 9 x 10
cm) on an elevated surface and allowed to acclimate to their environ-
ment before testing. The radiant heat source was directed to the plantar
surface of each hind paw in the area immediately proximal to the toes.
The paw withdrawal latency (PWL) was defined as the time from the
onset of radiant heat to withdrawal of the animal’s hind paw. 20-s cut-
off time was used. Three measures of PWL were taken and averaged for
each hind-paw using the Hargreaves test. Withdrawal latencies were
measured for each hind paw. Results are expressed as withdrawal la-
tency for each paw.

Rearing Behavior. Rearing is a spontaneous behavior, reflecting the
search phase of exploratory behavior. Animals were taken from their
home cages and place into clear cages (same dimension as their home
cage but without bedding). Animals spent 5 min in the test cage before
recording their behavior to avoid novelty-induced anxiety. After the
initial 5 min, the number of rears performed over 5 min was recorded by
an observer. Rearing was defined as both forelimbs off the ground and
touch the sides of the testing cage and hindlimbs preforming plantar
flexion.

Nesting Consolidation Test. The nesting procedure was adapted as
previously described by Oliver et al. (2018). For the nesting assay, all
mice were single housed two days before surgeries. All previous nesting
material was removed from the home cage at the time of surgery and
four half-pieces of cotton were placed into each corner of the cage. After
surgery/anesthesia, mice were placed back to their prepared home
cages. At various timepoints, their nesting was scored based on this
scoring system: 1, no nestlet piece grouped; 2, nestlet pieces grouped in
one or two pair; 3, 3 nestlet pieces grouped; 4, all nestlet pieces grouped;
5, all nestlet pieces grouped and completely shredded).

Wheel Running. Voluntary wheel running was assessed in poly-
carbonate activity wheels (diameter 21.6 cm: width 6 cm) with a steel
rod axle. Mice were placed in the inside of the wheel (mice did not have
free access to the wheel). The wheel could only be turned in a single
direction. Six activity cages were contained within a testing room. The
number of rotations completed was measured over 2 h. Baseline mea-
surements were reference points for each mouse and data were
expressed as a percentage of rotations completed compared to baseline
session.

Burrowing Behavior. Custom-made tubes as described in Deacon’s
burrowing protocol were used for burrowing assay (Deacon, 2006).
Empty gray tubes (20 cm long x 7 c¢m in diameter with ~ 10-degree
upwards tilt) were placed in 300 mm x 234 mm x 412 mm cages
(Allentown NexGen Rat 900) filled with up to 175-180 g of fresh
corncob bedding (Teklad 7097 "4 corncob bedding; ENVIGO). Animals
first had a training session and a subsequent baseline session. They were
exposed to the tube and the cage for 1 h. After the training session, tubes
were filled with bedding material. Animals were placed into the testing
boxes again for 30 min. The latency to burrow was recorded and at the
end of 30 min, the amount of bedding taken out was also calculated.

Home cage hanging. The hanging procedure was adapted as previ-
ously described by Zhang et al. (2021). Mice were placed in individual
cages (Allentown Micro-Vent cage) with no bedding or nesting material
in front of a mirror. Cages were covered with a stainless-steel cage lid
that did not contain food or a water bottle. Mice were observed for 30
min. A camcorder (Aluratek AWCO1F) was set up beside the cage to
allow for an unobstructed side view. Videos were recorded in MPEG
format and then converted to MP4 format (320 x 240) for analysis. Cage
hanging was marked when the mice had at least one paw gripping the
cage. Each individual hang was counted and timed.

Conditioned Place Preference (CPP). The CPP protocol was adapted
from our previous work in pain models (Neddenriep et al., 2019; Cail-
laud et al., 2021). Mice were handled for 5 days before the start of the
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Fig. 1. Effect of Paw Incision Surgery on Evoked Behaviors. We observed
evoked behaviors for eight days post-surgery (A) Mechanical sensitivity was
measured by the von Frey test and the results are expressed as the threshold (g)
of response. (B) Thermal sensitivity was measured by the Hargreaves test and
the results are expressed as paw withdrawal latency (s). (C) We also presented a
% change in paw diameter after the surgery for eight days. Values are expressed
as mean + SEM. n = 8/group. Results were compared using two-way ANOVA
with time and treatment as a factor and post-hoc Sidak’s test (*p < 0.05
vs vehicle).

experiment. Mice were first tested for baseline preference for each of the
sides in a 3-chamber design where mice were confined to the middle
compartment (where no conditioning occurs) to acclimate for 5 min
then they were provided free access to all compartments for 15 min.
Mice were then randomized assigned to the different groups. Immedi-
ately after assessment of baseline preference, surgeries were performed.
Twenty-four h after surgery, conditioning session began where the mice
were first administered a vehicle injection (10 ml/kg, s.c.), placed into
their home cage for 30 min, and then placed into the vehicle-paired
compartment where they were confined for 20 min. Four h later, mice
were administered an injection of either vehicle (10 ml/kg, s.c.) or
ketorprofen (20 mg/kg, s.c.) and were confined to the drug-paired
compartment for 20 min. On test day (day 2), mice were placed into
the middle chamber and were allowed access to all three chambers for
15 min in a drug-free state. The preference score was calculated as the
difference (s) in time spent in the drug paired side between day 1 and
day 2. In another cohort of mice, another two-day CPP study was con-
ducted with ketoprofen at 7 to 8 days post-laparotomy using the same
procedure described above.

Sucrose Preference Test. Mice were housed individually for a week
with ad libitum access to food. Mice were presented with two sipper
tubes, one containing normal drinking water and the other containing 2
% sucrose solution (w/v, Sucrose >99.5 % (GC) Sigma, United States,
cat# S7903). The total volume consumed from each tube was measured
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Fig. 2. Effect of Paw Incision Surgery on non- Evoked Behaviors. The following non-evoked behaviors were measured post-surgery 2, 6, 24, and 48 h: (A) The
number of rears, (B) nesting score, (C) wheel running, (D) time to start digging in min, (E) amount of removed bedding in grams, percentage of cage hanging time in
(F) female, and (G) male. Values are expressed as mean + SEM. n = 8/group. Results were compared using two-way ANOVA with treatment as the factor and post-

hoc Dunnett’s test (*p < 0.05 vs vehicle).

after 24 h. The position of both sipper tubes was switched for each
drinking session to avoid place preference. Sucrose preference was
calculated as a percentage of 2 % sucrose volume consumed over the
total fluid intake, multiplied by 100 %. Preference is reported as the
average per group.

Statistical analysis

Data were analyzed using the GraphPad software, version 9.3
(GraphPad Software, Inc., La Jolla, CA), and are expressed as the mean
+ S.E.M. Analysis of the results did not show any significant effect of sex
on most post-surgical outcome measures. Therefore, females and males
were combined for analysis. Normality and equality of variances of all
data sets except nesting were confirmed by using the Shapiro-Wilk and
Levene tests, respectively. All other tests were analyzed with 2-way
ANOVA [post hoc analysis (Sidak test)]. Data are expressed as the
mean =+ S.E.M. of mice/per sex/per group for all tests. P values <0.05
were considered significant.

Results
Paw incision studies

The effect of paw incision on mechanical and thermal sensitivity was
measured by two reflexive tests, including the von Frey filaments test
and the Hargreaves test, respectively (Fig. 1A and B). We observed a
significant decrease [F(Time x Surgery) (8, 176) = 27.26; P < 0.0001);
Fsurgery (1, 22) = 95.88, p < 0.0001] in the paw withdrawal threshold
from day 1 through 5 (D1 to D4: p < 0.05; D5 p < 0.01) in the paw
incision group in comparison to the sham mice. Similar results were
observed in the thermal hypersensitivity test with a significant decrease
[F(Time x Surgery) (8, 198) = 28.98; P < 0.0001); Fsurgery (1, 22) =
51.18, p < 0.0001] in the paw removal time in the surgery group at day
1 through day 6 (D1 to D3: p < 0.05; D4 to D6: p < 0.01). These results
clearly show that paw incision induces a mechanical and thermal hy-
persensitivity in C57BL/6J mice that lasts for nearly-one week.

In addition, our paw diameter data shows that paw incision caused
significant edema in animals [F(Time x Surgery) (8, 198) = 85.11; P <
0.0001); Fsurgery (1, 22) = 461.1; p < 0.0001], being most in post-
surgery day 1 and it decreased gradually over time but did not reach
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Fig. 3. Paw Incision Increased the Ketoprofen Preference but did not
Affect Sucrose Preference. (A) Sucrose preference was measured post-surgery
at 24 h and 48 h. Results are presented as the percentage of sucrose preference.
Conditioned place preference (CPP) in mice treated with ketoprofen (s.c. 20
mg/kg). (B) Results represent data at 24 h post-surgery. Values are expressed as
mean + SEM. n = 8/group. Results were compared using two-way ANOVA with
treatment as the factor and post-hoc Dunnett’s tes (*p < 0.05 vs vehicle).

its baseline levels at the last day of measurement day 8 (Fig. 1C).

Paw incision did not alter mice rearing behavior after the surgery
[Fsurgery (1,22) = 0.5852; P = 0.4524] (Fig. 2A) or their nesting
behavior [Fsurgery (1,22) = 0.6381; P = 0.4330] (Fig. 2B). Even though
animals’ paw were hypersensitive and edematous, their running activity
was not changed during the time course [Fsurgery (1,22) = 1.130; P =
0.2993] (Fig. 2C). Burrowing is also commonly seen in the wild across
different species and its function serves to create shelters and storage.
Paw incision did not affect the latency of burrowing [Fsurgery (1, 22) =
0.0864; P = 0.3547] (Fig. 2D) nor the amount of bedding displaced
[Fsurgery (1, 22) = 0.01310; P = 0.9099] (Fig. 2E). However, we found
that paw incision had a significant effect on hanging behavior in female
mice. The 3-way ANOVA analysis confirms sex as a significant factor in
paw incision inducing decrease in hanging behavior [Fsex (1, 144) =
6.646; P = 0.0109] and interaction between sex, surgery, and time
[Finteraction (1, 144) = 2.287; P = 0.0491]. We observed a decrease in
hanging behavior in female [Fsurgery (1, 12) = 4.750; P = 0.049]
(Fig. 2F) but not in male mice [Fsurgery (1, 12) = 2.647; P = 0.1297]
(Fig. 2G) 2 h, 6 h and 24 h after surgery [Fsurgery x Time (4, 48) = 7.44;
P < 0.0001].

The affective components of post-surgical pain-like behavior were
also assessed using the sucrose preference assay (anhedonia-like
behavior) and CPP Test (pain relieving-like behavior). Sucrose prefer-
ence was reported at 24 h and 48 h after surgery. Paw incision did not
affect mice sucrose preference compared to sham mice [Fsurgery (1,22)
= 0.008443, P = 0.9276] (Fig. 3A).

The CPP test was used in our model of paw incision to evaluate the
ability of ketoprofen to induce preference in injured mice. Preference for
the drug-paired side could be interpreted as pain-induced motivation to
seek ketoprofen (e.g., for pain relief) in mice experiencing ongoing,
spontaneous pain. In injured mice and 24 h after incision, injection of

Neurobiology of Pain 12 (2022) 100103

(A)
3
& Laparotomy
= -O- Sham
3 2 E \ﬁ::,/—i
o
L
3
£
g1
0 T T T T
BL 24 48 72
Post-surgery (hr)
(B8)
10
-O- Sham
§ 8 ﬁ{—bih. & Laparotomy
: 6
S 4
%
-2
0 T T T T
0 24 48 72
Post-surgery (hr)
(©)
215
3 -O- Sham
2 * & Laparotomy
2 10 * * .
2
0
»
g 5
E
©
<
H
= 0 T T T T T T T

BL 1 3 5 7 9 M1
Post-surgery (Day)

Fig. 4. Effect of Laparotomy on Evoked Behaviors. We observed evoked
behaviors for eight days post-surgery (A) Mechanical sensitivity was measured
by the von Frey test and the results are expressed as the threshold (g) of
response. (B) Thermal sensitivity was measured by the Hargreaves test and the
results are expressed as paw withdrawal latency (s). (C) Mechanical abdominal
sensitivity was expressed as a sensitivity score. Values are expressed as mean +
SEM. n = 8/group. Results were compared using two-way ANOVA with time
and treatment as a factor and post-hoc Sidak’s test (*p < 0.05 vs vehicle).

ketoprofen (20 mg/kg, s.c) induced a significant preference (p < 0.05)
for the ketoprofen-paired side of the CPP chamber [F(surgery x treat-
ment) (1, 76) = 10.68; P = 0.0016; Fsurgery (1, 76) = 4.012; p =
0.0487] (Fig. 3B). Treatment with the vehicle did not show a significant
preference in mice. In sham mice, ketoprofen at the same dose (20 mg/
kg, s.c.) did not induce a significant preference compared to vehicle-
treated mice (Fig. 3B).

Finally, paw incision did not alter animals’ body weight [Fsurgery (1,
30) = 0.02113, P = 0.8854] (Supp. Fig. 1A) nor fluid consumption
[Fsurgery (1, 22) = 0.06560, P = 0.8002] (Supp. Fig. 1B) after the
surgery.

Laparotomy studies

To compare our two incision models, similar tests for mechanical
sensitivity and other behavioral assessments were conducted in the
laparotomy model. In addition, we measured abdominal mechanical
sensitivity in this model. Mechanical and thermal sensitivities of the
paws were evaluated after laparotomy surgery to assess if there was any
referred evoked nociception in the hindlimbs. The assays showed that
laparotomy did not affect hindpaws’ mechanical [Fsurgery (1, 18) =
0.7393, P = 0.4012] (Fig. 4A) nor thermal sensitivity [Fsurgery (1, 18)
= 0.9460, P = 0.3436] (Fig. 4B). However, laparotomy increased
abdominal mechanical sensitivity as compared the sham group till day 7
after surgery [F(Time x Surgery) (6, 180) = 9.963; P < 0.0001);
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0.05 vs vehicle).

Fsurgery (1, 210) = 39.86; P < 0.0001] (Fig. 4C).

Innate behaviors of mice were affected differently by the laparotomy
surgery (Fig. 5). Surgery did have a significant effect on rearing behavior
[F(Time x Surgery) (4, 88) =12.13; P < 0.0001); Fsurgery (1, 22) =5.9,
P = 0.0238] and posthoc analysis revealed animals at 2 h and 6 h post-
surgery showed significantly less rearing than the sham group (p <
0.0001) (Fig. 5A). This difference was not observed at other time points
(p > 0.05). Nesting behavior was significantly affected by the laparot-
omy [F(Time x Surgery) (3, 66) = 23.21; P < 0.0001); Fsurgery (1, 22)
=42.27,P < 0.0001] at 2 h and 6 h after post-surgery (p < 0.0001), but
its effect was resolved after 24 h (P > 0.05) (Fig. 5B). Laparotomy
significantly decreased wheel running behavior [F(Time x Surgery) (4,
88) = 48.89; P < 0.0001); Fsurgery (1, 22) = 29.54, P < 0.0001]. The
number of rotations was significantly lower at 2 h (p < 0.0001) post-
laparotomy in wheel running but these effects were resolved after 24
h (P > 0.05) (Fig. 5C). Laparotomy increased the latency to burrow [F
(Time x Surgery) (4, 110) = 3.47; P = 0.01); Fsurgery (1, 110) = 30.07;
P < 0.0001] (Fig. 5D) and decreased the amount of bedding displaced [F
(Time x Surgery) (3, 66) =15.32; p < 0.0001); Fsurgery (1, 22) = 20.26;
P =0.0002] at 2 h and 6 h after post-surgery (p < 0.0001), but its effect
was resolved after 24 h (P > 0.05) (Fig. 5E). In addition, we found that
laparotomy significantly decreased hanging behavior for up to 24 h post-
incision [F(Time x Surgery) (4, 105) = 3.47; P = 0.0072); Fsurgery (1,
105) = 27.00; P < 0.0001] (Fig. 5F).

Laparotomy also induced anhedonia-like behavior as measured in
the sucrose preference test [F(Time x Surgery) (1, 22) = 5.80; P =
0.024); Fsurgery (1, 22) = 8.809, P = 0.0071] 24 h after surgery (P =
0.0008) (Fig. 6A).

In injured mice and 24 h after incision, injection of ketoprofen (20
mg/kg, s.c) induced a significant preference (p < 0.05) for the
ketoprofen-paired side of the CPP chamber test [F(Time x Surgery) (1,
44) = 18.44; P < 0.0001); FSurgery (1, 44) = 14.86; P = 0.0004]

(Fig. 6B). Treatment with the vehicle did not show a significant pref-
erence in mice. In sham mice, ketoprofen at the same dose (20 mg/kg, s.
c.) did not induce a significant preference compared to vehicle-treated
mice (Fig. 6B). However, ketoprofen failed to induce preference in the
CPP test in injured mice 7 days after surgery [F(Time x Surgery) (1, 44)
= 3.18; P = 0.08); F Surgery(1, 44) = 0.1652; P = 0.6864] (Fig. 6C).

Laparotomy caused a significant decrease in animals’ bodyweight [F
(Time x Surgery (2, 60) = 9.72; P = 0.002); Fsurgery (1, 30) = 6.265, P
= 0.0180] 24 h after surgery (P < 0.0001) but this effect was not
observed 48 h after (p > 0.05) (Supp. Fig. 2A). Animals’ fluid con-
sumption [F(Time x Surgery) 1, 22) = 0.029; P = 0.866; Fsurgery (1,
22) = 0.1131, P = 0.7398] was not affected by laparotomy (Supp.
Fig. 2B).

Discussion

Understanding the various mechanisms responsible for acute post-
surgical pain is important and may lead to the development of more
effective and safer analgesics to improve the quality of life after surgery.
In that regard, preclinical models provide valuable insights into acute
pain mechanisms after incisional surgery. Thus, in this study, we
compared the two most widely used and relevant surgical models in
C57BL/6J female and male mice. Our results show that the effect of
incision in both models lasts up to a week on evoked behaviors and the
percentage change in paw diameter correlated with hypersensitivity in
the paw incision surgery model. The effect of surgery on spontaneous
behaviors in both models did not last >24 h. Surgerized mice from both
experimental models showed an increased preference for ketoprofen in
this time period which indicates that the spontaneous behavior models
we chose are effective in measuring pain-related behaviors in laboratory
mice.

In this study, the use of evoked behavior tests showed differences in
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response between the two surgical models studied. In our paw incision
model, we saw an increase in mechanical and thermal hypersensitivity
as described by others previously (De Rantere et al., 2016; Pogatzki &
Raja, 2003). The time course of thermal and mechanical hypersensitivity
showed a correlation with the percentage change in paw diameter which
indicates that hypersensitivity might arise from inflammation of the paw
[Mechanical sensitivity: r = —0.9635 + (—0.9925 to —0.8314; p <
0.0001) and Thermal sensitivity: r = 0.9507 + (—0.9899 to —0.7775; p
< 0.0001)]. Previously, mechanical hypersensitivity was reported fol-
lowed the laparotomy surgery model on female rats (Dolan & Nolan,
2007; Oliver et al., 2018). However, mice subjected to laparotomy
surgery did not show paw thermal or mechanical hypersensitivity. On
the other hand, abdominal mechanical hypersensitivity at the region of
the incision lasted for 7 days post-surgery. Cata et al. (2021) previously
reported abdominal hypersensitivity in rats after laparotomy surgery.
However, rats start showing recovery post-surgery day one while mice
were hypersensitive up to seven days in our study (Cata et al., 2021).
These findings indicate that the nociceptive hypersensitivity was limited
to the site of the incision. Finally, we found no sex differences in evoked
behaviors in both surgery models.

For spontaneous behavioral changes, we used a battery of innate
behaviors to assess the general well-being of rodents, including the la-
tency to burrow and amount of substrate voluntarily burrowed, nesting
behavior, and % time spent in a cage hanging and rearing. These be-
haviors have been suggested to represent the “activities of daily living”
in humans. Functional impairment behaviors were assessed using the
voluntary wheel running test. Among all the behaviors measured, paw
incision only affected the % time spent in the cage hanging in a sex-
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dependent manner. Female mice hanged significantly less than males
at 6 h post-paw incision. We are not aware of any prior studies in mice
that assessed spontaneous behaviors after paw incision. However, one
study in rats assessed grimacing and mechanical hypersensitivity in the
paw incision surgery model. Grimace Scale (GS) is a non-invasive model
designed to measure pain via facial expressions and has been widely
employed over the past decade (Mogil et al., 2020). In the study, the
authors reported that the effect of paw incision on grimacing lasted 9 h
post-surgery while hypersensitivity lasts for up to 72 h (De Rantere et al.,
2016).

Our laparotomy surgery model significantly decreased all non-
evoked behaviors up to 24 h post-surgery in both sexes. Similarly, lap-
arotomy surgery in mice was reported to decrease burrowing (Jirkof
et al., 2010), nesting (Oliver et al., 2018), wheel running (Kendall et al.,
2016) and rearing (Jirkof et al., 2012; Kendall et al., 2016), but there is
no data reported on cage hanging. The difference in spontaneous be-
haviors between the two surgery models in the present study might have
been influenced by the degree of the injury due to the sutured tissue
layers. In the paw incision surgery model, the surgery suture side is
limited to the skin while in the laparotomy model both abdominal
muscles and skin are sutured.

It has been reported previously that laparotomy surgery can induce
anhedonia-like behaviors in rats (Cata et al., 2021; Martin et al., 2004).
In our study in addition to behavior data, we tested if anhedonia-like
behavior would differ between the two surgery models by using the
sucrose preference test in mice. Paw incision did not show a significant
difference in sucrose preference while there was a significant reduction
in the laparotomy group compared to their sham groups. Our sucrose
preference data showed a correlation with our non-evoked behavior
results as it was reported by other researchers (Cata et al., 2021; Martin
et al., 2004).

Conditioned Place Preference (CPP) is a is a Pavlovian conditioning
test of reward (Bardo & Bevins, 2000) and is commonly used to evaluate
the reinforcing and aversive properties of drugs (Sufka, 1994). CPP had
been used for decades by researchers to assess the motivational aspect of
inflammatory pain (Sufka, 1994), nerve injury (Neddenriep et al.,
2019), and chemotherapy-induced pain models (Caillaud et al., 2021).
Nonsteroidal anti-inflammatory drugs (NSAIDs) and mu-opioid receptor
agonists are the most commonly used analgesics to treat post-surgery
acute pain by clinicians (Gan, 2017). Research shows that injection of
NSAIDs (meloxicam) after laparotomy surgery reduces COX-2-mediated
inflammation but does not affect GS or behavioral activity in mice
(Roughan et al., 2016). In contrast, some studies reported that keto-
profen, an NSAID analgesic, reduces the nesting depression in acute
inflammatory pain models (Negus et al., 2015). However, the literature
on CPP in surgery models is limited.

As a final experiment, we used CPP to evaluate the preference to
ketoprofen, a NSAID, in our surgery models. Mice showed increased
preference for ketoprofen in both surgery models 24 h post-surgery.
These results indicate that both surgery methods can induce pain aver-
sion, even though paw-incision had no effect on non-evoked behaviors.
When we repeated CPP on day seven for the laparotomy group, mice did
not show a significant pain-induced preference for ketoprofen even
though abdominal mechanical sensitivity was significantly higher
compared to the sham group. These results are consistent with previous
studies that show a disconnect between the time-course of evoked and
non-evoked measures in pain models (Contreras et al., 2021).

Behavioral assessment in rodents may not be consistent across
studies since many variables may affect the results such as experimenter,
time, and animal handling prior to the test. The technique and the
experience of the experimenter are also crucial factors for evoked be-
haviors while non-evoked behaviors can be affected by stress levels and
the general well-being of the mice. All these variables could affect the
assessment of pain-related behaviors (Tappe-Theodor & Kuner, 2014). A
strength of our study is that we took great caution to minimize the
impact of these variables. Surgeries were conducted mostly by the same
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person. All behavior tests were done in the same laboratory. Female and
male mice were assessed in different test rooms. We used same strain of
mice in all of our experiments and kept the same experimental
procedures.

Our CPP data shows that preference for ketoprofen is increased post-
surgery 24 h in both surgery models. However, we did not assess the
effect of ketoprofen in any of our evoked or spontaneous behavior data
with our surgery models.

Overall, our results confirm and extend previous reports that in mice
that paw incision and laparotomy induce pain-related nociceptive
measures. Our evoked behavior data suggest that hypersensitivity of the
incision site can last longer than the pain-related depression of sponta-
neous behaviors. This study therefore improves our knowledge on the
relevance of the behavioral tests to be used according to the model
studied.
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