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Abstract

Background: Management of acute pain related to surgical intervention,
termed post-operative pain or POP, continues to be a major healthcare
challenge. While the rat plantar incision model provides valuable data to
researchers about the mechanisms mediating POP, the development of
topical and localized treatments in small animal models is limited. To help
address these issues, we describe here the characterization of a large
animal model of incisional pain.
Methods: Pigs underwent full-skin incision or full-skin and muscle
incision and retraction (SMIR). Withdrawal thresholds were determined
using the Von Frey test at baseline, 0.5–12 h post-surgery and on days 1,
2, 3, 5 and 7 post-surgery. The analgesic effects of systemic morphine [0.1
or 1.0 mg/kg intramuscular (i.m.) dose] and local anaesthetic ropivacaine
were studied. Spontaneous pain-like behaviours were scored and
analysed. The effects on wound healing were evaluated by gross
observation and by histopathological examination.
Results: Pigs incurring SMIR demonstrated significantly increased
mechanical hypersensitivity compared with pigs that underwent full-skin
incision only (p < 0.05). Maximal analgesia was achieved with morphine
(1 mg/kg i.m. dose) at 0.5 h post-treatment. Local treatment with
ropivacaine was effective at increasing the withdrawal threshold to Von
Frey filaments compared with saline control (p < 0.05) for a period of at
least 6 h. Wounds healed normally with no signs of infection, redness or
swelling.
Conclusions: We propose that the pig model of incisional pain can
provide an appropriate translational model for validating new topical and
localized treatments for POP in humans.

1. Introduction

For all surgical procedures, acute post-operative pain
(POP) is to be expected and should be adequately
managed (Berry and Dahl, 2000). Unrelieved POP
causes unnecessary patient suffering and discomfort,
and leads to psychological and pathophysiological
complications (Brennan et al., 2007). And yet, despite
the availability of many therapeutic agents and
advanced analgesic techniques (Wu and Raja, 2011),
an alarming number of patients continue to report

moderate to severe pain after surgery (Apfelbaum
et al., 2003; Lorentzen et al., 2012). Therefore, contin-
ued research to understand the impact of analgesic
agents on nociceptive mechanisms remains necessary
(Wu and Raja, 2011).

Historically, the rodent has been the model of choice
for developing new analgesic treatments in the study
of POP (Curtin et al., 2009). Briefly, the rat model of
incisional pain involves a 1-cm longitudinal incision of
skin, fascia and muscle of the plantar aspect of the rat
hindpaw, performed under anaesthesia (Brennan
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et al., 1996). Following this procedure, spontaneous
and/or evoked nociceptive behaviours in the rat are
examined for several days, corresponding to the time
course of pain in post-operative patients (Dahl et al.,
1992; Stubhaug et al., 1997). Classical measures of
nociception include Von Frey (Whiteside et al., 2004)
and paw pressure tests to assess mechanical hyperal-
gesia (Randall and Selitto, 1957), and hot-plate tests to
assess thermal hyperalgesia (Bannon and Malmberg,
2007). However, one of the major disadvantages of the
rodent model is its limited use in assessing topical and
localized treatments. From a technical perspective, the
location of the hindpaw is relatively small for topical
application. Practically, rodents may lick or bite the
injured paw, causing removal of any topical treatment
that is applied.

The anatomy of rodent skin is significantly different
from human skin, and healing occurs primarily by
wound contraction rather than re-epithelialization
(Sullivan et al., 2001). In contrast, porcine skin exhib-
its a higher degree of homology to human skin and
heals by epidermal cell migration (Obreja et al., 2009;
Swindle et al., 2011). Consequently, pigs have become
a standard model of wound healing (Sullivan et al.,
2001), and pig models of inflammatory pain have
been most recently reported (Di Giminiani et al.,
2013). There is also considerable correlation between
contractile, metabolic and morphological features in
skeletal muscle of humans and pigs, and, unlike the
loose skin of rodents, pigskin is tightly attached to the
muscle and subcutaneous tissue as in humans
(McAnulty, 2012).

The aim of this study was to characterize a porcine
model of POP through skin incision and skin and
muscle incision and retraction (SMIR). We evaluate

the nociceptive behaviour of pigs using the Von Frey
test to determine the time course of mechanical hype-
ralgesia. Spontaneous pain-like behaviours are also
observed. Wound healing was examined to eliminate
any possible contribution from infection or inflamma-
tion. Finally, we report the responsiveness of the pigs
to common analgesic treatments.

2. Materials and methods

2.1 Animals and housing

Danish Landrace × Large White cross-bred weaned male pigs
(n = 40) from the domestic herd at Lahav Labs, Negev, Israel,
were used. Before the beginning of the experiment, all of the
animals were kept under conventional pig production con-
ditions. All pigs were 7 weeks old and weighed 10 ± 1 kg at
the start of the study. The animals were housed in open pens
(1.4 × 2.4 m) 7 days prior to study initiation. The pigs were
kept in groups of two or three during the acclimatization
period and throughout the experiment. Feeding occurred
three times daily using pigs special food (Dry Sows; Cat. No.
5420, Milobar, Oshrat, Israel), and pigs were provided oppor-
tunities to root and chew for enrichment. Fresh water was
provided ad libitum by an automated system. The pigs were
kept on a 12-h light/dark cycle. The study was approved by
the Institutional Animal Care and Use Committee and
adhered to guidelines of the Committee for Research and
Ethical Issues of the International Association for the Study
of Pain (Zimmermann, 1983). All tests, including observa-
tions of wound healing, response to a mechanical stimulus
and behaviour observations were performed blind, i.e.,
the technician was unaware of the individual animal’s
treatment.

2.2 Habituation protocol

The pigs were habituated to the protocol for 5 days prior to
surgery. The researchers, the veterinarian and the animal
care technicians played with the pigs in their home pen for at
least 15 min twice a day, for each day of the acclimatization
period and throughout the experiment. As a result, the pigs
became familiar with their observers, ensuring calm and
consistent handling of the animals. The technicians
remained the same throughout the entire study period; no
other people were allowed into the housing facility. To famil-
iarize the pigs with the protocol and technicians, the pigs
were trained to walk to the preparation room daily during
the habituation period. The pigs were always returned to
their original pens with their original pen mates. The habitu-
ation process was intended to reduce the stress level of the
pigs. The body weight of all the animals was measured at
three time points: (1) 5 days prior to surgery, at the begin-
ning of the acclimatization period (baseline); (2) on study
day 0 (surgery day), prior to anaesthesia; and (3) 1 week
post-surgery at study termination (study day 7). The experi-

What’s already known about this topic?
• Pigskin is morphologically more homologous to

human skin than is rodent skin.
• Neurotrophic factors play a role in injury-

induced responses of peripheral sensory neurons
in pigs.

What does this study add?
• This study provides an appropriate large animal

model for the validation of new local and topical
analgesics.

• This pig model enables three important param-
eters to be assessed in parallel: nociceptive sen-
sitivity, spontaneous behaviour in the open pen
and wound healing.

A pig model of incisional pain D. Castel et al.
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ment took place in June 2012, with the temperature in the
surgery room kept at 19 °C (range 18–20 °C).

2.3 Anaesthesia and surgery

On the day of surgery, each pig walked freely to the prepa-
ration room before surgery. One of the technicians carried
each animal in their hands and placed an anaesthetic face
mask (Stephan Akzent Color, Gackenbach, Germany) on the
pig’s mouth and nose. Each animal was anaesthetized with a
3% isoflurane/100% oxygen mixture. The technician held
the pig until it was relaxed and sleepy. Then the technician
placed the pig in a sternal position, still connected to the
anaesthesia mask. The pig was shaved and swabbed with
70% ethanol and then carried to the operation room. The pig
was placed on the operating table, and a sterile environment
was maintained. The area of the incision was swabbed with
antiseptic liquid polidine solution (Polysept solution, Rekah
Pharmaceutical Industry Ltd, Holon, Israel), and the non-
operated areas were covered with sterile sheets. During
anaesthesia, blood O2 saturation was monitored (Spacelab
Medical, Snoqualmie, WA, USA).

Two types of incisions were performed in this study: (1)
full-skin incision: an incision of 6–7 cm was made through
only the skin and fascia, keeping the muscle intact. The
incision was made on the left side of the lower back towards

the caudal end, approximately 3 cm lateral and parallel to
the spine line of the pig (Fig. 1); and (2) full SMIR: an
incision of 6–7 cm was made through the skin, fascia and
muscle at the same location as described above. Incisions
were closed using 3-0 silk sutures (Assut UK Ltd, West York-
shire, UK) and a continuous suturing technique. Following
the incision, all pigs received the antibiotic marbofloxacin
(10% w/v) (Marbocyl®, Vétoquinol UK Ltd, Buckingham,
UK) at a total dose of 0.5 mL per pig, which was adminis-
tered via intramuscular (i.m.) injection into the neck muscle.
Each animal was kept under anaesthesia for the duration of
the surgery. The entire procedure, from the time when the
animal was introduced to the face mask until the face mask
was removed, was approximately 20 min. The animals were
then returned to their home pen for recovery.

2.4 Study drug procedure

Forty domestic pigs were divided into seven treatment
groups of five to six individual pigs (denoted G1–G7)
(Table 1). G1 and G6 received saline i.m. injection in the
neck region 30 min prior to Von Frey testing at each time
point. G2, G3 and G7 received morphine at doses of either
0.1 or 1.0 mg/kg, administered by i.m. injection in the neck
region 30 min prior to Von Frey testing at each time point.
G4 and G5 received local dosing of 5-mL saline (Teva Labs,
Netanya, Israel) or 0.5% ropivacaine HCl (Naropin®, APP
Pharmaceuticals, LLC, Schaumburg, IL, USA), respectively.
The saline or ropivacaine solution was carefully injected just
below the incision area as follows: The incision was closed
halfway, and then 2.5 mL of saline or 0.5% ropivacaine
solution was injected under the skin into the pocket created
following the closure. While injecting, the needle was pulled
out slowly. Next, the incision was sutured closed almost
completely and, immediately prior to the last stitches of the
incision, another 2.5 mL of either saline or 0.5% ropivacaine
solution (G4 and G5, respectively) was injected subcutane-
ously. Suturing of the incision and dosing was always per-
formed in the same direction, i.e., cranial to caudal for each
animal.

2.5 Assessment of mechanical sensitivity

Mechanical sensitivity was assessed using Von Frey filaments
[Touch Test (Von Frey) Sensory Evaluator Kit, model 58011,

Figure 1 Incision location. A 7-cm incision was made on the left side of

the lower back towards the caudal end of the pig and 3 cm lateral to the

spine line. VF hair: Von Frey filament.

Table 1 Study groups, treatment and procedure.

Group # n Treatment Procedure

G1 6 Saline (vehicle control) i.m. Full-skin incision

G2 6 0.1 mg/kg morphine i.m. Full-skin incision

G3 6 1 mg/kg morphine i.m. Full-skin incision

G4 6 Local treatment with saline (control) Full-skin incision

G5 6 Local treatment with 0.5% ropivacaine Full-skin incision

G6 5 Saline (vehicle control) i.m. Full SMIR

G7 5 1 mg/kg morphine i.m. Full SMIR

i.m., intramuscular; SMIR, skin and muscle incision and retraction.

D. Castel et al. A pig model of incisional pain
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Stoelting Co., Wood Dale, IL, USA]. The tests were per-
formed in the pig’s home pen. Von Frey filaments ranging
from a minimum of 1 g (diameter = 0.229 mm; force = 9.804
mN) to a maximum of 60 g (diameter = 0.711 mm;
force = 588.253 mN) were used in this study. The intact side
(contralateral to the side of incision) was introduced first to
the Von Frey filaments as a control. The filaments were then
applied approximately 0.5 cm proximal to the incision on the
skin (Fig. 1). Each filament was applied three times with a
5–10-s interval between applications. If withdrawal was not
achieved, a thicker filament was applied. If withdrawal was
achieved, a thinner filament was applied. By alternating the
filaments, the force required to achieve a withdrawal reac-
tion was determined. This procedure was carried out at the
following time points: 1 day pre-surgery (baseline), 0.5–12 h
post-surgery (study day 0) and days 1, 2, 3, 5 and 7 post-
surgery (study days 1, 2, 3, 5 and 7, respectively). On study
day 7, animals from G2 to G7 were euthanized with an
overdose of pentobarbitone. Animals from G1 (saline i.m.
dosed pigs) were housed for a further 7 days (until study day
14) for wound closure and healing examination.

2.6 Wound healing examination

All animals were examined by trained technicians prior to
surgery at baseline and then daily for a period of 7 days
following Von Frey testing. The animals were scored accord-
ing to two categories of inflammation: redness: 0 = none
(normal); 1 = mild (slight redness at the area of the incision);
2 = moderate/severe (spreading of redness), and swelling:
0 = none (no swelling); 1 = mild (slight swelling); 2 = mod-
erate/severe (pronounced swelling). The total score is the
sum of points from each category. Therefore, the highest
attainable wound score was 4 points.

2.7 Behaviour testing

Assessment of spontaneous behaviour required observation
of the social and individual behaviour of the pig in the open
pen. This was performed twice daily for a period of 5 days
prior to the day of surgery. The scoring method used is based
on a numerical rating scale (NRS) of multifactorial criteria
and is modified from the method described by Reyes et al.
(2002). Spontaneous behaviour of all animals in the open
pen was observed at 1 and 3 h post-surgery, and then daily
for an additional 4 days. The behaviour score was divided
into two distinct categories: (1) solitary performance and (2)
social behaviour (Table 2). The total score is the sum of all
sub-score parameters; a higher score indicates a higher
degree of pain. Solitary performance was assessed by an
observer standing outside the pen recording the behaviour of
the individual animal for a period of 10 min. Social behav-
iour was assessed by a technician stepping into the pen while
an observer recorded the animal’s response to the entrance
of the technician.

2.8 Histopathological examination

On study day 14, the G1 animals were euthanized humanely
according to animal welfare guidelines. The area of incision
together with the surrounding skin was biopsied for wound
analysis. The biopsy samples were cut in such a way that all
incised skin layers were collected. Immediately, the indi-
vidual samples were pinned to a flat piece of polystyrene to
maintain their shape and placed into plastic histology cas-
settes with 10% neutral buffer formalin (4% formaldehyde)
for 72 h at room temperature. The tissue samples were then
processed routinely for light microscopy by dehydrating,
embedding and cutting (Bancroft and Gamble, 2008). The
samples were cut into 5-μm transverse increments with a
microtome and stained with haematoxylin and eosin accord-
ing to standard procedures (Bancroft and Gamble, 2008).

2.9 Data analysis

The results are presented as mean ± standard error of the
mean (SEM). Comparisons between groups were performed

Table 2 Spontaneous behaviour scoring of pigs in an open pen.

Description Score

Solitary performance

Lameness Normal walking 0

Slight limping 1

A lot of limping, kicking-like movements 2

Appearance Normal lying and walking 0

Guarding the injury 1

Lying Normal lying 0

Lying but alert 1

No lying 2

Vocalization Normal vocalization (low volume) 0

Moderate-volume vocalization 1

High-volume vocalization 2

Social behaviour

Restlessness Normal behaviour 0

Pacing around the pen 1

Jumps up and down and paces around the

pen

2

Agitation Normal behaviour 0

Slightly moves away when approached 1

Screaming and moves away when

approached

2

Aggression Friendly 0

Moves away 1

Biting and aggressive when approached by

other pigs

2

Attacking and biting pen mates 3

Isolation Normal behaviour 0

Moves away from pen mate 1

Total score Range from 0–13 points

The scoring criteria used are based on a numerical rating scale modified

from Reyes et al. (2002). The behaviour score was divided into two distinct

categories: (1) solitary performance and (2) social behaviour. The total

score is the sum of all sub-scores.

A pig model of incisional pain D. Castel et al.
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by using unpaired Student’s t-test (using GraphPad Prism®
software, GraphPad Software Inc., San Diego, CA, USA)
assuming a normal distribution of data. A p-value of <0.05
was considered significant.

3. Results

3.1 Weight gain

All animals gained weight during the study. Animals
gained approximately 20% of their body weight (a
total mean increase from 10 ± 1 to 12 ± 0.5 kg on
study day 0 and 7, respectively). The increase in body
weight recorded was in the normal range for pigs aged
7 weeks (de Grau et al., 2005), suggesting that the pigs
were normal in health and behaviour. There was no
statistical difference between the treated groups in
weight gain (p > 0.05; data not shown), so the with-
drawal response to the mechanical stimulus was
deemed unrelated to sickness.

3.2 Wound healing observations

Seven days post-surgery, the wound had closed in all
animals, with no signs of infection, swelling or redness
(Fig. 2). The total mean inflammation score from
study day 0 to 7 of three treated groups (G1, G3 and
G6) are shown in Fig. 3, and denoted skin, morphine
and muscle, respectively (Fig. 3). Results show that
the inflammation pattern of the wounds analysed
follows a normal acute inflammatory response of 2–7
days (Young et al., 2002). Consistent with previous

data, acute administration of morphine (1 mg/kg,
i.m.) reduced inflammation of the wound (Clark et al.,
2007). Histological analysis of wound samples from G1
animals kept until study day 14, i.e., for 7 additional
days, showed complete wound healing and normal
scar formation (Fig. 4A–C).

3.3 Mechanical thresholds

Prior to incision, the animals did not respond to Von
Frey filaments up to 60 g when applied to either the
ipsilateral or contralateral side. However following the
incision, the animals responded very strongly to the
Von Frey filaments, and withdrew by twisting and
turning 90–180° away from the investigator to avoid
the stimulus. The withdrawal threshold of the incised
skin to Von Frey filaments decreased 3 h post-surgery
for the full-skin incision group (G1) (Fig. 5). The force
required to achieve withdrawal was 3.37 ± 0.67 g
(n = 6). In comparison, the withdrawal force required
for the intact skin (contralateral control side of the
same pig) was significantly greater 60.00 ± 00.00 g
(p < 0.05), indicating increased sensitivity of the
incised skin. Hypersensitivity to Von Frey filaments
was still observed 7 days post-surgery, as demon-
strated by a significantly lower withdrawal threshold
of the incised skin compared with the intact skin of the
same pig (10.00 ± 1.69 vs. 48.00 ± 7.20 g, respectively;
p < 0.05) (Fig. 5). Animals in G6, incurring full SMIR,
demonstrated significantly greater sensitivity to the
mechanical force at 3 h post-surgery than animals that

Figure 2 A representative wound picture taken on study day 7. The inci-

sion is closed with no sign of infection, swelling or redness. Healing dis-

cerned by gross observation is normal. The number shown on the left

corresponds to the pig number.

Figure 3 Wound inflammation scores. Values shown are the

mean ± standard error of the mean total wound inflammation score of

pigs that underwent full-skin incision (full black column denoted skin; G1),

full-skin and muscle incision and retraction (vertical line column denoted

muscle; G6), and full-skin incision following treatment with 1 mg/kg mor-

phine intramuscular (white column denoted morphine; G3).

D. Castel et al. A pig model of incisional pain
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underwent full-skin incision only (2.60 ± 1.20 vs.
5.33 ± 0.84 g, denoted muscle and skin, respectively;
p < 0.05) (Fig. 6).

Treatment with 0.1 mg/kg morphine following full-
skin incision (G2) was not effective in increasing the
withdrawal threshold to Von Frey filaments (Fig. 7).
Treatment with a higher dose, 1 mg/kg morphine, fol-
lowing full-skin incision (G3) was effective in revers-
ing the low withdrawal threshold compared with
saline (vehicle) treatment (G1) at 0.5 and 3 h post-
treatment (48.7 ± 8.6 and 37.3 ± 7.2 g vs. 6.0 ± 1.0

a

b

C

B

A

Figure 4 (A–C) Histological evaluation of wound healing on study day 14.

Haematoxylin and eosin stained images from study day 14 representative

of saline (vehicle control)-treated pigs incurring full-skin incision. Sample

number and slice location are indicated on the bottom right: The letter A

or B refers to the location of the slice in the trimming schematic shown in

(C). (A) Red line layer indicates epidermis. The dermis (D) and the subcutis

(SC) are indicated by a double-headed arrow next to the letters ‘D’ and

‘SC’, respectively. A thin and well-defined fibrous scar (flanked by arrow-

heads) extends through the dermis. The scar becomes wider at its base in

the subcutis (indicated by an asterisk). (B) A thin and well-defined fibrous

scar (flanked by arrowheads) extends through most of the dermis and

subcutis. (C) Trimming schematic diagram.

Figure 5 Time course of mechanical hyperalgesia measured by the Von

Frey test following full-skin incision in pigs. The force (g) required to

achieve a withdrawal response on the incised and intact sides was deter-

mined at the following time points: baseline (1 day pre-surgery), 3 h post-

surgery and days 1, 2, 3, 5 and 7 post-surgery. Values are presented as

mean ± standard error of the mean. *p < 0.05 incised versus intact side.

Figure 6 Withdrawal response threshold measure by the Von Frey test

following full-skin incision or full-skin and muscle incision and retraction

(SMIR) in pigs. The force (g) required to achieve a withdrawal response on

the incised side for full-skin incision or SMIR pigs at baseline (1 day pre-

surgery) and 3 h post-surgery. Values are presented as mean ± standard

error of the mean. *p < 0.05 full-skin incision versus SMIR.

A pig model of incisional pain D. Castel et al.
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and 2.4 ± 0.5 g, respectively; p < 0.05). At 6 h post-
treatment, the analgesic effect of 1 mg/kg morphine
was decreased, as the force required for withdrawal
was not statistically different from the withdrawal
force of the saline (vehicle)-treated animals (G1)
(14 ± 2.7 vs. 2.4 ± 0.5 g, respectively; p > 0.05)
(Fig. 7). In addition, a dose of 1 mg/kg morphine that
was significantly effective for a period of 3 h following
full-skin incision (G3) was not effective when the inci-
sion involved muscle retraction (G7). The mean with-
drawal threshold with 1 mg/kg morphine recorded at
0.5 h post-treatment was significantly lower following
SMIR than following full-skin incision (17.5 ± 5.1 vs.
48.7 ± 7.2 g, respectively; p < 0.05).

Local treatment with ropivacaine (G5) was effective
in increasing the withdrawal threshold to Von Frey
filaments following full-skin incision compared with
local treatment with saline (control vehicle; G4);
p < 0.05 (Fig. 8). Results of the effect of local treatment
with ropivacaine at 1.5, 3 and 6 h post-treatment were
19.67 ± 1.47, 25.10 ± 2.20 and 18.75 ± 2.18 g, respec-
tively. No significant difference in withdrawal
response to Von Frey filaments was observed between
the ropivacaine-treated (G5) and the saline-treated
(G4) groups 8 h post-surgery (7.72 ± 1.42 vs.
2.00 ± 0.50 g, respectively; p > 0.05).

3.4 Behaviour observations

The pigs remained social and did not show any change
in their walking ability post-surgery. However, tran-

sient changes in behaviour did occur following
surgery. Transient changes, which included restless-
ness, isolation, moving away when approached (agi-
tation) and vocalization, were observed for up to 3 h
but were not observed at 6 h post-surgery (data not
shown). The mean score of spontaneous pig behaviour
1 h post-surgery in G6 (full SMIR) was higher than the
spontaneous behaviour score in G1 (full-skin incision
only) animals (3.25 ± 0.63 vs. 1.67 ± 0.33, respec-
tively; p < 0.05) (Fig. 9). Treatment of morphine at a
dose of 1 mg/kg i.m. resulted in complete reduction of
the spontaneous behaviour score in G3 animals that
underwent full-skin incision. In animals with an inci-
sion that involved SMIR (G7), treatment with 1 mg/kg
morphine i.m. resulted in a significant, yet incomplete
reduction in the spontaneous behaviour score versus
saline (vehicle)-treated animals (G6) (1.11 ± 0.31 vs.
3.25 ± 0.63; p < 0.05).

4. Discussion

This study was designed to evaluate the use of pig as a
model of POP. Our results demonstrate that pigs expe-
rience enhanced nociceptive sensitivity to a mechani-
cal stimulus, characterized by a significant decrease in
withdrawal threshold to Von Frey filaments of the
incised skin for 7 days post-surgery. Mechanical hype-
ralgesia after back shaving and full-skin incision in
pigs was blocked in a dose-dependent manner for 3 h

Figure 7 Analgesic effect of systemic treatment with morphine following

full-skin incision in pigs. The Von Frey filament force (g) required to achieve

a withdrawal response on the incised side for full-skin incision pigs treated

with saline control (G1: full black column denoted vehicle), or treated with

morphine at a dose of 0.1 or 1.0 mg/kg intramuscular (G2 and G3: pattern

and vertical line columns, respectively) at baseline (1 day pre-surgery) and

0.5, 3 and 6 h post-treatment. Values are presented as mean ± standard

error of the mean. *p < 0.05 morphine 1 mg/kg versus saline (vehicle

control)-treated pigs.

Figure 8 Analgesic effect of local treatment with ropivacaine following

full-skin incision in pigs. The Von Frey filament force (g) required to achieve

a withdrawal response on the incised side for full-skin incision pigs follow-

ing local treatment with saline control (G4: full black column denoted

vehicle) or 0.5% ropivacaine (G5: horizontal line column denoted ropiv-

acaine) at baseline (1 day prior to surgery) and 1.5, 3, 6, 8 and 12 h

post-surgery. Values are presented as mean ± standard error of the

mean. At 8 h post dosing, no significant analgesic effect was measured.

*p < 0.05 analgesic versus saline-treated pigs.

D. Castel et al. A pig model of incisional pain
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by systemic morphine (1 mg/kg), a common opioid
analgesic administered to manage pain in post-
operative patients (Li et al., 2001). However, systemic
morphine administration after full SMIR was signifi-
cantly less effective at the same dose. Local treatment
with the anaesthetic drug ropivacaine partially
reversed incision-induced mechanical hypersensitivity
in pigs. Wound scoring of all animals and histology
findings of the G1-treated group show that the inci-
sions healed normally with no sign of infection or
swelling. Although histopathological analysis was not
performed on the other treated groups (G2–G7),
wound examination by gross observation indicated
that the mechanical hypersensitivity observed in pigs
was not the result of interference from wound infec-
tion or inflammation. We also show that following
incision, there was a transient increase in the pigs’
spontaneous behaviour scores – behaviours that share
a similar time course to pain measures in post-
operative patients (Stubhaug et al., 1997; Brennan,
1999). Spontaneous behaviours were more pro-
nounced when muscle retraction was involved.

Seven-week-old weaned pigs were used in our
study for the following reasons: Young pigs are easier
to handle, acclimatize and train better than adult pigs.
Also, although pigskin is somewhat thicker overall
than human skin, it becomes especially pronounced
on the back in older pigs when they reach sexual
maturity (Swindle, 2007). In addition, other similari-
ties have been previously highlighted between pigs
and humans, such as the similarity in the innervation
patterns of the skin – characterized in the pig hindlimb

(Lynn et al., 1995) – and the fact that the distribution
and number of porcine hair follicles is closer to
humans than is rodents. Such similarities make the pig
an interesting model in the study of human outcomes
of cutaneous events. In recent years, the translational
potential of using large animal models within pain
research has been emphasized (Henze and Urban,
2011). Indeed, a few studies have been published that
support our findings using the pig as a translational
animal model of nociceptive sensitivity (Swindle et al.,
2011). For example, a study by Obreja et al. (2009)
suggests that nociceptive and non-nociceptive fibre
classes found in the skin of the pig correlate with
human fibre classes, in both distribution and axonal
excitability changes. Although this study refers to
C-fibres and not to A-fibres that mediate tactile
response, the investigation provides important evi-
dence of the similarities of pigskin and its innervation
to humans. Di Giminiani et al. (2012) showed that
domestic pigs can be used to assess cutaneous nocice-
ption by behaviour responses to thermal and
mechanical stimulations. More recently, a subsequent
study by the same authors assessed the nociceptive
responses in pigskin following cutaneous inflamma-
tion (Di Giminiani et al., 2013). Our present pig model
of incisional pain may provide further information
regarding nociceptive sensitivity and behaviour.

In a study by Reyes et al. (2002), blinded observa-
tion was used to compare the effects of analgesics in
inguinal-incised domestic pigs. The authors suggest
that the post-operative NRS scores used to measure
the spontaneous behaviour of the pigs are related to
the level of pain. Notably, the pigs used were similarly
housed in open pens and were approximately the
same weight and age on the day of surgery as the pigs
used in our study. There are however disadvantages
with the inguinal model of incision. For example,
because pigs lie on their stomach, the possibility of
successfully using local analgesics and keeping the
groin area clean and uninfected is limited. In addition,
our study, which uses a modified Reyes et al. (2002)
NRS method for scoring spontaneous behaviour,
shows that changes in pig behaviour are transient and
limited to 3 h. Reyes et al. (2002) monitored pig’s
behaviour for 24 h and reported a 6-h time frame. The
difference in the time frame of the NRS observation in
our study may be due to the difference in wound
location.

Human clinical studies using the Von Frey test to
assess post-incisional mechanical hyperalgesia and
pain have been reported (Bornemann-Cimenti et al.,
2012). Bornemann-Cimenti et al. (2012) showed that
the mechanical sensitivity range to Von Frey filaments

Figure 9 Mean spontaneous behaviour score. Total score of spontane-

ous pig behaviour 1 h post-surgery in G6 (full-skin and muscle incision and

retraction) and in G1 (full-skin incision only) pigs. Values are presented as

mean ± standard error of the mean. *p < 0.05 full-skin and muscle inci-

sion and retraction versus full-skin incision.
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in patients at baseline (prior to surgical incision) and
48 h post-surgery was reduced from 93 ± 1.95 to
16 ± 3.63 g (mean ± standard deviation), respectively,
in the placebo-treated group. Echevarria et al. (2011)
also reported data suggesting that the Von Frey
method is useful for comparing mechanical pain
threshold changes between patient groups. Reported
baseline pain thresholds to a mechanical stimulus
were 69 (50.2, 95.1) g (i.e., pre-surgery) and an esti-
mated 36 (27.0, 51.0) g post-surgery in the patient
control group [values reported as mean (95% confi-
dence interval)]. Hence, the data from previous
human studies correlate to the mechanical sensitivity
thresholds that were measured in pigs receiving saline
(vehicle control) (G1: 60.00 ± 00.00 g pre-incision and
10.00 ± 1.69 g 7 days post-incision; mean ± SEM).

The hypersensitivity to the mechanical stimulus and
the increase in spontaneous behaviour score were
more pronounced in pigs that underwent SMIR. This
result is consistent with findings in rats following inci-
sions involving muscle as compared with those involv-
ing skin and fascia alone, and supported by studies
that suggest a possible role for nerve growth factor
(NGF) as an important mediator of pathologic pain
(Wu et al., 2009). A study by Rukwied et al. (2010)
proposed that direct injection of NGF into pigskin
involves peripheral sensitization of skin nociceptors.
Whether levels of NGF or other pain mediators are
elevated following SMIR as compared with full-skin
incision in the pig model has yet to be determined.

We observed that the analgesic activity of systemic
morphine was dose dependent. A single dose of
0.1 mg/kg was not effective in relieving pain following
full-skin incision; however, a single dose 10 times
higher (1 mg/kg) was significantly effective in reliev-
ing pain (p < 0.05). The maximum analgesic effect of
1 mg/kg morphine administered using a single i.m.
dose occurred at 0.5 h post-treatment and markedly
decreased 6 h post-treatment. These observations are
consistent with a previous study showing that the
maximal analgesic effect of morphine at a dose of
1.5 mg/kg using an intravenous route occurred 1 h
post-treatment in pigs; but at 8 h post-treatment, the
effect of morphine was no longer detected (Risdahl
et al., 1992).

Our study also assessed the effect of the local anaes-
thetic ropivacaine. We report that localized treatment
with ropivacaine significantly reversed mechanical
hypersensitivity for a period of at least 6 h. A previous
pharmacokinetic study reported that ropivacaine
clearance following systemic administration in pigs is
also approximately 6 h (Betton et al., 2010). Addition-
ally, a double-blind randomized controlled trial in

humans showed that single-shot infiltration with ropi-
vacaine transiently improves POP after breast cancer
surgery (Vigneau et al., 2011). The study by Vigneau
et al. (2011) reports that the analgesic effect of local-
ized ropivacaine treatment in post-operative breast
cancer patients was significant for 6 h (p < 0.05); at
8 h post-treatment, no analgesic effect was detected.
Together, these findings suggest that the duration of
analgesia from local treatments such as ropivacaine is
similar in pigs and humans, and supports our proposal
of the pig as an appropriate animal model for research
and development of novel local analgesics.

In this present study, we demonstrate that incision-
induced responses to Von Frey filaments before and
after administration of analgesics were comparable
with responses reported previously in humans. The
observed changes of nociceptive sensitivity persisted
for at least 7 days post-surgery, enabling possible
assessment by repeated treatment of new analgesic
agents. Moreover, the caudal location of the incision
on the lower back is convenient for the application of
patches, topical creams or gels, implants or other local
treatments, as well as for injections. In conclusion, we
propose that this pig model provides greater transla-
tional relevance for the evaluation of local treatments
of POP compared with existing rodent models of inci-
sional pain. We also propose that our model of inci-
sional pain in the pig is applicable for the study of
wound healing. Further research is needed to better
understand the mechanisms underlying the difference
in withdrawal response to mechanical stimulus fol-
lowing full-skin incision versus SIMR.
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