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Topically applied morphine is routinely used to alleviate pain in cutaneous wounds such as
burns and pressure sores. Evidence suggests the topical administration of exogenous opioid
drugs may impair wound closure. This study examined the effects of topical morphine on a
standardized model of cutaneous wound healing in the rat. Full-thickness 4 mm diameter
circular skin flaps were excised from the intrascapular region of male Sprague-Dawley rats.
IntraSite™® Gel infused with either morphine-sulfate, neurokinin-1 (NK-1) or neurokinin-2
(NK-2) receptor antagonists, substance P (SP), neurokinin A (NKA), SP + morphine-sulfate, or
NKA + morphine-sulfate was applied to the wound twice daily. Results demonstrated a
significant overall delay in the time course of wound contraction in morphine-treated
animals when compared with gel-only treated controls. The delay in wound contraction
seen in morphine-treated animals increased in a concentration-dependent manner. Topical
application of NK-1 or NK-2 receptor antagonists mimicked the effects of morphine in
delaying wound closure, suggesting topical opioids impair wound closure via the inhibition
of SP and NKA release peripherally into the healing wound. Additionally, no significant
delays in closure were seen in rats receiving morphine combined with SP or NKA, demon-
strating the ability of each neuropeptide to attenuate the effects of morphine in delaying
wound closure and restore normal wound closure rates. The combination of SP or NKA and
morphine-sulfate for wound therapy may provide local analgesia while maintaining normal
closure rates.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

complications in their current medical conditions. Analgesia
during topical opioid administration can be obtained via

Several prominent medical factors contribute to the incidence
of cutaneous wounds, including diabetes mellitus, obesity,
and aging. Cutaneous wounds can be extremely painful.
Opioid drugs, such as morphine, are highly effective and
widely used analgesic agents in the treatment of these
wounds. However, the effectiveness of pain management
for wound patients can be problematic given that side-effects
associated with systemic use of opioids can create severe
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the activation of opioid receptors located on afferent
sensory nerve terminals in peripheral tissues [1,2]. The
mode of action is believed to be local rather than systemic,
avoiding negative effects seen upon stimulation of opioid
receptors located within the central nervous system. Thus,
the topical application of opioids has emerged as a
successful strategy for reducing the pain associated with
cutaneous wounds [3].

Abbreviations: NK-1, neurokinin-1; NK-2, neurokinin-2; SP, substance P; NKA, neurokinin A; NEP, neutral endopeptidase
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Evidence suggests that sensory neuropeptides play an
important role in wound repair, as healing is enhanced by their
exogenous application [4-6] and impaired by their depletion [7-
10]. Tachykinin neuropeptides, such as SP and NKA, serve as a
link between the immune and nervous system [11,12]. In the
periphery, neuropeptides are located in both noradrenergic and
cholinergic autonomic nerve fibers as well as in free nerve
endings of afferent sensory nerves [13,14]. Stimulation of these
nerve fibers as a result of injury or inflammation causes the
release of neuropeptides stored within the peripheral terminals,
which facilitates wound healing by regulating blood flow and
modulating the migration and function of immunocompetent,
inflammatory, and parenchymal cells.

The biological actions of SP and NKA are mediated via the
membrane-bound G protein-coupled receptors, NK-1 and NK-
2 respectively. These receptors are expressed by several non-
neuronal cell types within peripheral tissues, including
smooth muscle cells, acinar cells, endothelial cells, fibroblasts,
keratinocytes, and various circulating immune cells and
inflammation-activated immune cells [15-20]. Activation of
neurokinin receptors results in vasodilation, increased vas-
cular permeability, magnification of the inflammatory
response, as well as the recruitment, proliferation, and
activation of various immune and parenchymal cells essential
for normal wound healing [7,12,21-28].

Although topical opioids offer a promising new therapeutic
strategy for alleviating the pain associated with cutaneous
wounds, they may also adversely effect wound healing, limiting
the usefulness of this approach. Opioids inhibit action potential
generation within neurons and, consequently, suppress the
release of pro-inflammatory neuropeptides from sensory nerve
terminals [29,30], disrupting the connection between the
nervous and immune systems. Therefore, this study addressed
the effects topical morphine application and neuropeptide
replacement have on cutaneous wound closure.

2. Materials and methods
2.1.  Animals and experimental design

A model of cutaneous wound healing was utilized to
determine wound closure rates in rats. Ninety male Spra-
gue-Dawley rats (Harlan, Indianapolis, IN) at approximately 8
weeks of age (200-220 g body weight) were randomly assigned
to one of fifteen treatment groups. Rats were then anesthe-
tized by intraperitoneal administration of 65 mg/kg ketamine
HCI and 5.5 mg/kg xylazine HCl and the mid-periscapular
region shaved. A 4-mm diameter (12.6 mm?) full-thickness
circular skin flap was excised from the midline just below the
scapulae using a skin biopsy punch to a depth just above the
panniculus carnosus muscle [31]. All rats were subsequently
housed individually to prevent cage mates from grooming or
otherwise perturbing the wound. Animal facilities were
temperature- and humidity-controlled with a 12-h dark-light
cycle and food and water ad libitum. All surgical procedures
and animal handling were performed in accordance with
National Institutes of Health laboratory care standards and
approved by the University of Kansas Medical Center Animal
Care and Use Committee.

2.2 Drug preparation and gel administration

Morphine sulfate (25 mg/ml) (Abbott Laboratories, Inc., North
Chicago, IL) was infused into IntraSite™® Gel (amorphous
hydrogel; Smith + Nephew, England) at concentrations of 0.5,
1.5, 5, and 15 mM. The peptides, SP and NKA (Sigma-Aldrich,
St. Louis, MO) and NK-1 and NK-2 receptor antagonists, RP
67580 and GR 159897 (Tocris, Ellisville, Missouri) were
solubilized in 0.9% saline to a concentration of 10 mM and
then infused into IntraSite™® Gel to a final concentration of
1 mM for SP, NKA, and RP 67580 and 3 mM for GR 159897. Initial
studies using 1.5 mM morphine modeled the 0.1% morphine-
infused gel used clinically [32]; antagonist and peptide doses
were selected to provide similar ratios between concentration
and drug affinity at the specific receptor (roughly 1 x 10°).
Peptidase inhibitor-infused gel was prepared by combining
0.17 mg/ml bacitracin, 0.02 mg/ml leupeptin, 0.02 mg/ml chy-
mostatin and 0.85 mg/mlBSA in IntraSite™® Gel. Gel and drug
were combined in 3 cc syringes by repeated passage through a
Luer-lock stopcock. Drug solutions were made the day of or the
day prior to use. Control animals received IntraSite™® Gel
alone treatments. Saline was added to control gel to match the
consistency of the drug-infused gels. Beginning one hour post-
surgery, 150 ul IntraSite™® Gel alone or IntraSite™® Gel
infused with a drug was applied twice daily (7:00 a.m. and 5:00
p-m.) for 10-14 days (control, n = 25; 5 mM morphine sulfate,
n=11;1mM SP, 1 mM NKA, 5 mM morphine sulfate +1 mM SP,
5 mM morphine sulfate +1 mM NKA, n = 5 each; RP67580, n = 8;
0.5mM and 1.5 mM morphine sulfate, n=7 each; GR159897,
15 mM morphine sulfate, n = 6 each; peptidase inhibitor, n = 4).

2.3. Wound imaging and data analysis

Each morning prior to treatment, wound images were
captured using a hand-held digital camera. A bar attached
to the camera provided a fixed focal distance target for wound
imaging. A size standard with known surface area was
fastened to the target bar and included in each image. Wound
area was determined daily using a computerized planimetric
program (Scion Image, Fredrick, MD). The area occupied by the
wound was defined by the boundary created by the granula-
tion tissue or scab/intact tissue interface. Wound area data
generated by Scion Image were converted from pixels to area
units of mm? by comparison to the known area of the fixed size
standard and are reported as area (mm? mean + SEM.
Statistical analyses were performed using InStat (GraphPad
Software, San Diego, CA). Data were analyzed using a one-way
ANOVA with Tukey’s post-hoc or unpaired t-test. Differences
between means were considered significant when p < 0.05.

3. Results

3.1.  Effects of topical administration of morphine sulfate
on cutaneous wound closure rates

The impact of increasing concentrations of topical morphine
sulfate application on cutaneous wound closure rates in rats
was assessed using a standardized model of cutaneous wound
healing. Animals receiving topical morphine sulfate treatment



754 BIOGHEMICAL PHARMACOLOGY 74 (2007) 752-757

14 15 mM Morphine
5.0 mM Morphine
12 .
1.5 mM Morphine

10 0.5 mM Morphine

L[]
o
v
v
L}

Wound Area (mmz)
(=)}

0 2 4 6 8 10
Days Post-Wounding

Fig. 1 - Time course of wound closure for rats receiving
increasing concentrations of morphine sulfate-infused gel
treatments. IntraSite™® gel (150 pl) was applied to the
wound twice daily through wound day 10. Wound size is
presented as area (mm?) mean * SEM and was determined
by analysis of digital images. Note that IntraSite™® gel
infused with 0.5, 1.5, 5, or 15 mM morphine sulfate
significantly delayed wound closure compared to gel-only
treatment. Additionally, the delay in wound closure seen
in gel + morphine treated animals increased in a
concentration-dependent manner (n = 6-7; p < 0.05;
ANOVA, Tukey’s post-hoc test).

demonstrated a significant delay in wound closure rates when
compared to gel-only treated controls. In animals receiving
0.5mM morphine sulfate applications, wound area was
significantly larger on days 1 and 6 post-wounding (Fig. 1).
The wound area of animals receiving 1.5 mM morphine sulfate
treatments was significantly larger on wound days 1-7 (Fig. 1).
Topical application of 5mM morphine sulfate significantly
increased wound area on wound days 1-9, whereas 15 mM
morphine sulfate treatment produced significantly larger
wounds on days 1-10 post-wounding (Fig. 1). In addition,
the delay in wound contraction observed in morphine-treated
animals increased in a concentration-dependent manner.
Total wound area over the complete time course of animals
receiving 0.5, 1.5, 5, and 15 mM morphine sulfate treatments
was significantly larger (approximately 6, 16, 26, and 33%,
respectively) than gel-only treated control rats. In addition, the
total wound area of animals treated with 1.5 mM morphine-
sulfate was significantly larger than animals in the 0.5 mM
morphine sulfate-treated group, and the total wound area of
animals treated with 5 mM morphine sulfate was significantly
larger than animals in the 1.5 mM morphine sulfate-treated

group.

3.2 Effects of topical application of selective, non-peptide
neurokinin-1 and neurokinin-2 receptor antagonists on
cutaneous wound closure rates

Selective, non-peptide NK-1 and NK-2 receptor antagonists
were utilized to determine the effects their topical adminis-
tration has on cutaneous wound closure rates in rats. A
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Fig. 2 - Wound closure time course for rats receiving
IntraSite™® gel infused with the selective, nonpeptide
NK-1 or NK-2 receptor antagonist, RP 67580 or GR 159897.
Data are presented as area (mm?) mean + SEM and were
determined by analysis of digital images. (A) Rats received
applications of IntraSite™® gel (150 pl) to the wound twice
daily through wound day 14. IntraSite™® gel infused with
1 mM RP 67580 (n = 8) significantly delayed wound closure
compared to gel-only controls (n = 8). Gel + RP 67580
treated rats had significantly larger wound areas when
compared to gel-only controls on wound days 2, 3, 4, 5, 6,
and 8. (B) IntraSite™* gel (150 nl) was applied topically to
the wound twice daily through wound day 13. Treatment
with 3 mM GR 159897 (n = 6) significantly delayed wound
closure compared to gel-only controls (n = 6) with
significant increases in wound area compared to control
on days 1-8 post-wounding (p < 0.05; ANOVA, Tukey’s
post-hoc test).

standardized model of cutaneous wound healing was used to
evaluate the wounds. Animals receiving topical NK-1 or NK-2
receptor antagonists demonstrated a significant delay in
wound closure rates when compared to gel-only treated
controls. Wound area of animals treated with gel infused with
1mM RP 67580, a selective NK-1 receptor antagonist, was
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significantly larger on days 2, 3, 4, 5, 6, and 8 post-wounding
when compared to gel-only treated control animals (Fig. 2A). A
25% increase in the total wound area over the complete time
course of animals receiving the NK-1 receptor antagonist was
seen when compared to controls. Similar results were
observed in the wounds of animals receiving topical treatment
with 3mM of the selective, non-peptide NK-2 receptor
antagonist GR 159897. A significant increase in the area of
the wounds was seen on wound days 1-8 (Fig. 2B) with a 19%
increase in the total wound area.

3.3. Effects of neuropeptide replacement in morphine
sulfate-infused gel on cutaneous wound closure rates

A standardized model of cutaneous wound healing was used
to determine the effects of the addition of SP or NKA into
morphine sulfate-infused gel applications on wound closure
rates in rats. As previously demonstrated, 5 mM morphine
sulfate significantly increased the area of healing wounds. In
this experiment, significant increases in wound area of
morphine sulfate treated rats were seen on days 1, 2, 3, 5, 6
and 8 post-wounding (Fig. 3A and B). A 17% increase in the total
wound area was seen for animals in this treatment group. In
addition, topical application of 1mM SP significantly
decreased the wound area on wound days 1, 2, 6, and 8
(Fig. 3A), with an 11% decrease in the total wound area over the
entire time course demonstrating acceleration in wound
closure. However, a significant difference was not seen
between topical treatment of 1mM NKA and control
(Fig. 3B). Wounds treated with a combination of either 1 mM
SP or 1 mM NKA and 5 mM morphine sulfate did not exhibit
significant changes in wound area when compared to gel-only
treated controls (Fig. 3A and B). Furthermore, no noticeable
erythema or pain-related behaviors were observed in rats
receiving topical application of either peptide.

3.4.  Effects of peptidase inhibitors on wound closure rates

Peptidase inhibitors were utilized to determine the effects of
local peptidases and the stability of peptides within the
healing wound. Rats were treated with peptidase inhibitor-
infused gel on days 0-5 post-wounding and the area of the
wounds quantified. The closure of wounds treated with
peptidase inhibitors did not differ significantly from control
wounds (data not shown).

4, Discussion

Topical morphine is currently being used clinically to provide
analgesia to patients with painful cutaneous wounds [3,32].
However, this therapeutic strategy may negatively impact
wound healing. Unmyelinated, capsaicin-sensitive primary
afferent neurons are primarily responsible for the peripheral
analgesic effects of topical morphine application [33,34].
Opioids provide analgesia in part by inhibiting the generation
of action potentials within these neurons, which subsequently
results in blocking the retrograde release of important pro-
inflammatory neuropeptides, such as SP and NKA, into
peripheral tissues [29,35,36]. This study investigated the
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Fig. 3 - Wound closure time course for rats receiving
IntraSite™® gel treatments infused with morphine and/or
neuropeptides. Rats were treated with IntraSite™® gel
(150 pl) twice daily through wound day 10. Wound size is
presented as area (mm?) mean + SEM and was determined
by analysis of digital images. IntraSite™® gel infused with
5 mM morphine sulfate significantly delayed wound
closure compared to gel-only treated controls. Wound area
was significantly larger in the morphine treated rats when
compared to the gel-only treated rats on wound days 1, 2,
3, 5, 6, and 8. (A) Rats were treated with 5 mM morphine
sulfate, 1 mM SP, or 5 mM morphine sulfate +1 mM SP.
IntraSite™"® gel infused with SP significantly increased
wound closure compared to gel-only treatment. In
animals treated with SP wound area was significantly
smaller than wounds of rats receiving gel-only on wound
days 1, 2, 6, and 8. Note that a significant difference was
not seen in rats receiving morphine + SP treatment when
compared to controls. (B) IntraSite™* gel treatments were
infused with 5 mM morphine sulfate, 1 mM NKA, or 5 mM
morphine sulfate +1 mM NKA. Note a significant
difference was not seen in either NKA or morphine + NKA
treated groups when compared to controls (p < 0.05;
ANOVA, Tukey’s post-hoc test; n = 5).
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effects topical morphine application and neuropeptide repla-
cement have on the closure rate of cutaneous wounds.

A standardized model of cutaneous wound healing was
utilized to examine the impact increasing concentrations of
topical morphine-sulfate application have on cutaneous
wound closure rates in rats. This model of wound healing
provides sensitivity sufficient to detect age-related variations
in wound closure, as well as the negative impact of partial
sensory denervation on wound healing [10,31]. The results of
this study demonstrate that the rate of closure is significantly
slower in animals receiving topical morphine treatment when
compared to control animals (Fig. 1). This delay occurs in a
concentration-dependent manner consistent with an opioid
receptor-mediated effect.

If morphineis delaying wound closure rates by inhibiting the
release of neuropeptides from primary afferent neurons, then
functional blockade of peripheral neuropeptide receptors
should mimic the effect seen with morphine application. When
cutaneous wounds were treated with a selective, non-peptide
NK-1 or NK-2 receptor antagonist, RP 67580 or GR 159897
respectively, wound closure rates were significantly delayed
when compared to control (Fig. 2A and B). This observation
suggests that topical morphine application slows wound
closure by inhibiting the release and peripheral action of SP
and NKA at NK-1 and NK-2 receptors and confirms the
importance of SP/NK-1 receptor and NKA/NK-2 receptor
interactions during wound healing. Both RP 67580 and GR
159897 are high-affinity antagonists for the NK-1 or NK-2
receptor, respectively, and exhibit at least 3000-fold selectivity
between these receptors. However, the degree of penetration of
drug from the gel into the peri-wound skin and the actual
concentration of antagonistdrugat thereceptorin these studies
are unknown. The similarity of magnitude of delay in wound
closure evoked by the NK-1 and NK-2 receptor antagonists does
not reveal whether one of the two receptors is more important,
mechanistically, in promoting wound closure. Extensive con-
centration-response relationships would need tobe established
to determine the relative potency of NK-1 and NK-2 receptor
agents in modifying cutaneous wound closure.

Neuropeptides mediate early components of the cutaneous
neurogenic inflammatory response. Previous studies have
demonstrated that denervation with the neurotoxin capsaicin
results in diminished wound healing [8,10]. The primary
reason for delayed wound healing in the absence of
neuropeptides appears to be due to a lag phase between
injury and the initiation of wound contraction [7]. Similar to
morphine treatment, the delay in closure seen with selective
receptor antagonists is most evident within the first few days
of the time course, suggesting an essential neurokinin
receptor-mediated neuromodulation by SP and NKA early in
the time course of wound healing.

Morphine slows wound closure by blocking the release of
neuropeptides into the healing wound. Replacement of the
neuropeptides should be able to attenuate the deleterious
effects of morphine. Therefore, the ability of SP or NKA to
restore normal wound closure in morphine-treated animals
was determined by addition of the neuropeptides in morphine-
infused gel. In this study, twice-daily topical administration of
morphine significantly delayed wound closure, while treatment
of wounds with SP accelerated wound closure (Fig. 3A). The

delay in wound closure seen with morphine treatment was fully
reversed by the addition of either SP or NKA into morphine-
infused gel, demonstrating the neuropeptides’ capacity to
restore normal wound closure rates. (Fig. 3A and B). While
peri-wound pain thresholds were not directly quantified,
treatment of the wounds with either SP or NKA did not produce
any overt algesic effects (e.g., enhanced wound-directed biting
or scratching behaviors). The results demonstrate the potential
use of the neuropeptides in reversing the detrimental effect of
topical morphine therapy in wound healing.

Most cells expressing neuropeptide receptors also express
neuropeptide-degrading enzymes such as neutral endopepti-
dase (NEP), potentially providing a feedback mechanism to
effectively control the bioavailability of neuropeptides and
regulate their inflammatory effects [37]. Studies have shown
that chronic, non-healing diabetic ulcers have increased NEP
localization and activity [38]. Therefore, the role of local
peptidases on normal wound closure rates was determined.
Wounds receiving twice-daily application of gel infused with a
cocktail of peptidase inhibitors were not significantly different
in size when compared to control wounds. This result suggests
that enzymatic degradation of neuropeptides within the
wound does not impact normal healing rates. In addition,
treatment with either SP- or NKA-infused gel restored wound
closure rates in morphine-treated rats, suggesting that the
peptides are stable in the hydrogel.

These data suggest that topical morphine alters wound
healing by activating opioid receptors on primary afferent
neurons, thereby inhibiting the release of neuropeptides such
as SP and NKA. Although morphine-treated wounds do
ultimately close at times similar to controls, the area of these
wounds is significantly larger during earlier days of the time
course. Wound healing is a dynamic process consisting of
multiple overlapping phases, which rely heavily on the
orchestrated movement of various inflammatory and par-
enchymal cells into the wound. Data from this study suggest
morphine treatment may be disrupting cellular processes,
which occur early in wound healing. In addition, interruption
in the normal progression of healing by topical morphine
administration may result in long-term detrimental altera-
tions in the cellular architecture of healed skin.
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