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A recent retrospective analysis using a medical insurance 
dataset estimated that approximately 8.2 million people 
experienced wounds ranging from acute to chronic conditions 
within the particular year analyzed, and estimated that the cost 
of acute and chronic wound treatments ranged from $28.1 to 
$96.8 billion dollars.52 The projected rise in the number of people 
experiencing wounds and the cost of wound care products52 
have made wound healing a growing area of interest in both 
clinical medicine and research. Wound healing is a complex 
process that involves many overlapping, intricate physiologic 
processes. Each step can have associated deviations that may 
lead to enhanced, altered, impaired, or delayed healing. Animal 
research has been used to develop a better understanding of 
the basic, physiologic mechanisms of wound healing. Mice are 
the most commonly used animal in biomedical research, and 
they are used to model a host of conditions, including wound 

healing. Despite known anatomic and physiologic differences 
between murine and human skin,17,53 this species is commonly 
used due to their small size, ease of handling, and relatively low 
cost. In addition, the overlapping phases of the wound healing 
process are similar in mice and humans, making mice a valuable 
model.65

Pain is inherent to the development of wound models. Pain 
receptors in the skin are sensitized during the actual wound-
ing process and during the inflammatory response that occurs 
immediately after wounding.19 Pain can also occur during the 
cleansing and treatment of wounds.19 Just as managing wound 
pain is critical in human patients, The Guide for the Care and Use 
of Laboratory Animals (the Guide)30 and other federal guidelines 
and regulations governing the care and use of laboratory ani-
mals strongly encourages the use of analgesics for animals that 
experience pain and/or distress.30 Pain, which can also cause 
stress, may evoke a persistent catabolic state and may ultimately 
delay wound healing.19,28,31,43 Therefore, adequate pain control is 
necessary to avoid negatively affecting or altering the wound 
healing process.

As in human medicine, opioids are commonly used to pro-
vide analgesia to research rodents. Buprenorphine, a mixed 
agonist-antagonist opioid,26,54 is a common analgesic that acts as 
a very weak partial agonist of the mu opioid receptor and an an-
tagonist of the κ opioid receptor.26 Buprenorphine is frequently 
used in animals as both a pre- and post-operative analgesic. It 
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works by binding to the opioid receptors in the skin and other 
tissues. This ligand-receptor binding regulates the physiologic 
responses of nociception and inflammation,7 which are key fac-
tors in the process of healing and regeneration. Buprenorphine 
is often used instead of full mu-opioid receptor agonist drugs, 
such as morphine or hydromorphone, because it has fewer sys-
temic side effects.28 Despite their common use as analgesics, re-
ports are mixed in terms of whether opioids, as a class, delay or 
impair wound healing.11,28,35,40

In addition to controlling pain, minimizing wound contami-
nation and preventing infection is critical to wound healing. 
The use of antiseptics is often favored over the use of antibiot-
ics as the former presents less chance for developing antibiotic 
resistance.6 As an antiseptic, chlorhexidine is commonly used 
to irrigate, cleanse, and treat cutaneous wounds. Chlorhexidine 
has high antimicrobial activity against gram-positive and gram-
negative bacteria and some fungi and viruses.4 Although con-
sidered to be relatively safe, reports are conflicting with regard 
to whether chlorhexidine delays or impairs wound healing.4,9,50,57

Laser techniques have been used medically for many years, 
and their powerful, but precise capabilities have rendered them 
a unique surgical and therapeutic modality. In brief, when the 
electrons of atoms move to higher energy levels, these electrons 
absorb energy. This excited energy state is unstable and tempo-
rary. The natural return of electrons to their more stable ground 
state releases energy in the form of photons or light. Light Am-
plification by Stimulated Emission of Radiation (LASERS) are 
characterized by the photon stimulation of an already excited 
electron. This stimulation causes the emitted light to be ampli-
fied, as demonstrated by the intense, bright light that is emitted 
from lasers.63 The concept of low-level laser therapy (LLLT) has 
garnered interest as a therapeutic modality in both human and 
veterinary medicine. Specifically characterized as laser ther-
apy using a low power output and a low power range, LLLT 
is distinguished from other forms of laser therapies by certain 
parameters such as wavelength, pulse rate and duration, total 
irradiation time, and dose.44 Although the mechanism of ac-
tion for LLLT is not completely understood,46,64 the absorption 
of red and near infrared light energy may reduce detrimental, 
inflammatory substances13,15,24,56 while simultaneously stimu-
lating restorative processes.15,24,46,64 The reduced photothermal 
impact of LLLT44 is reported to produce beneficial physiologic 
and biologic effects including analgesia, reduction in inflamma-
tion, and acceleration of healing.48 The initial report of LLLT as 
a therapeutic modality found accelerated wound healing and 
fur regrowth in mice exposed to LLLT.13,44,46,64 LLLT has since 
been used as a sole or adjunct therapy for a variety of conditions 
including tooth root resorption,55 traumatic brain injuries,58 and 
tendon, muscle, and bone injuries.2,3,25,38

Studies conducted to assess the effects of LLLT on healing 
often use parameters of normal wound healing to analyze how 
LLLT influences those parameters in comparison to healthy, un-
damaged tissue and damaged tissue not receiving laser therapy. 
Despite the numerous studies designed to investigate the effects 
of LLLT on wound healing, conflicting reports exist regarding 
its efficacy.15,17,46,22,23,24,29,34,38,39,55,56,60,64 A recent study in dogs re-
ported accelerated healing and improved cosmetic appearance 
of a hemilaminectomy surgical site after LLLT,60 while other ca-
nine studies reported no significant differences in the healing of 
surgically induced skin wounds between dogs that did and did 
not receive LLLT.22,34 Similarly, in an attempt to study the effects 
of LLLT in pigs, an animal with skin very similar to that of hu-
mans, no significant differences were reported in the healing of 
surgically created skin wounds between swine that did and did 

not receive LLLT.29 Studies using diabetic rats with excisional 
cutaneous wounds reported accelerated wound healing,17,46 and 
beneficial results were reported in a similar study using diabetic 
mice.56,64 While fewer studies have been conducted on the use 
of LLLT in rodents without concomitant comorbidities, LLLT 
has been reported to accelerate wound healing in healthy ro-
dents.15,24 Conversely, some studies found that LLLT does not ac-
celerate or significantly improve wound healing in rodents.24,39

We performed 2 separate studies to investigate the effects 
of a commonly used opioid, a topical antiseptic solution, and 
LLLT on excisional wound healing in mice. At the time the ini-
tial study (study 1) was conducted, some of our investigators 
were reluctant to use the recommended analgesic, buprenor-
phine, due to concern about interference with their study out-
comes. Therefore, we conducted study 1 to determine if a single 
dose of peri-operative buprenorphine would delay healing 
of a full-thickness excisional wound or a partial-thickness felt 
wheel dermal abrasion. We also examined the effects of topi-
cal chlorhexidine solution on wound healing. The chlorhexi-
dine concentrations used in study 1 were prepared using our 
standard operating procedure at that time. Study 2 was con-
ducted after study 1, with the design expanded to evaluate a 
sustained release buprenorphine formulation and LLLT. Study 
2 used a full-thickness excisional biopsy to determine the effect 
of LLLT on excisional wound healing. Commonly used doses 
of systemic Buprenorphine Sustained Release (SR) and topical 
chlorhexidine were also included to evaluate their effect on exci-
sional wound healing. The concentration of chlorhexidine in the 
revised, approved standard operating procedure had been de-
creased due to literature suggesting that higher concentrations 
may inhibit healing.4,49,61 For both studies, we hypothesized that 
the use of buprenorphine and chlorhexidine would have no 
effect on the rate of wound healing, and that LLLT would ac-
celerate wound healing in a full-thickness excision as compared 
with a control.

Materials and Methods
Animals. Both studies used a total of 120 experimentally naïve, 

female B6(Cg)-Tyrc-2J/J mice (stock no. 000058, Jackson Labora-
tory, Bar Harbor, ME). These mice were excess animals obtained 
from an inhouse investigator and were used after a 1-week ac-
climation period. Study 1 used 30 16-wk-old mice, and study 2 
used 90 mice, ranging between 8 to 12 wk of age. All mice were 
group housed in individually ventilated cages (Techniplast, 
West Chester, PA) on Alpha-Dri bedding (Shepard Specialty 
Papers, Watertown, TN) with autoclaved Enviro-dri (Shepard 
Specialty Papers, Watertown, TN) for nesting. Mice in study 1 
were housed 5 per cage, and mice in study 2 were housed 3 per 
cage. Mice were maintained on a 12:12-h light: dark cycle at 22 ± 
0.5 °C and relative humidity of 40% to 60%. Mice were provided 
ad libitum autoclaved rodent diet (NIH31, Teklad Laboratories, 
Madison, WI) and deionized water treated by reverse osmosis. 
All mice tested negative for mouse hepatitis virus, sendai virus, 
pneumonia virus of mice, mouse parvovirus 1 and 2, epizootic 
diarrhea of infant mice, mouse norovirus, Mycoplasma pulmonis, 
Helicobacter spp., and endo- and ectoparasites upon receipt; no 
pathogens were detected in indirect sentinel mice testing during 
either study. Sentinel mice (1 cage per double sided rack) were 
exposed to used bedding from principal cages biweekly during 
routine cage change. Per our established sentinel program stan-
dard, sentinel mice were tested serologically on months 1 and 2 
of the quarter, and necropsies were performed quarterly (month 
3). Sentinel pairs were replaced every 6 mo. In addition to serol-
ogy testing and quarterly necropsies, fecal PCR was performed 
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for murine pinworms every 6 mo, and environmental testing 
for infectious agents was performed on a case-by-case basis. 
All animal procedures were reviewed and approved by the Na-
tional Institute of Environmental Health Sciences Animal Care 
and Use Committee. All animals were housed, cared for, and 
used in compliance with the Guide for the Care and Use of Labora-
tory Animals30 in an AAALAC International accredited program.

Wounding Preparation. On the day prior to wounding, each 
mouse was individually weighed and was then anesthetized 
using 3% isoflurane gas with 1 L/min oxygen. After applying 
eye lubricant, each mouse was placed in ventral recumbency. 
Clippers were used to remove the majority of fur from the dor-
sum. Commercially available depilating cream (Nair; Church 
and Dwight, Ewing, NJ), was then applied to the shaved region 
using cotton swabs. Nair is a commonly used to remove any 
remaining fur after shaving and to ensure that a hairless surface 
was present prior to surgical wounding.66 Using a cotton swab 
applicator, Nair was applied continuously, in a circular motion, 
for 15 to 20 s or until the remaining fur started to depilate. A 
square cotton gauze with saline was used to remove the excess 
depilatory cream from the mice. Mice were individually identi-
fied by ear punch and by tail numbers written using permanent 
markers, and then were returned to their cages to recover on 
supplemental heat.

Wounding. The day after skin preparation, each mouse was 
anesthetized and eye lubrication was applied as described 
above.

Study 1. Two wound types were used, a punch biopsy and 
a dermal abrasion. For the punch biopsy, 10 out of 20 mice re-
ceived a single preoperative dose of 0.1 mg/kg buprenorphine 
hydrochloride (0.3 mg/mL) (Pfizer, NY, NY) in a volume of 0.1 
mL/10g subcutaneously in the flank or lower back, away from 
the intended wound site. The remaining 10 animals received 
an equivalent volume of normal saline subcutaneously. All 
mice were prepared for surgery using Prevantics swab sticks 
(Prevantics, PDI, Orangeburg, NY) containing chlorhexidine 
(3.15%) and isopropyl alcohol (70%) prior to wounding. After 
confirming a surgical plane of anesthesia as indicated by lack 
of toe-pinch response on all 4 paws, a sterile 4 mm punch bi-
opsy tool (Miltex, York, PA) was used to create 2 full thickness 
punch biopsies on the dorsum. Sterile tissue scissors were used 
to remove the remainder of the biopsy tissues (Figure 1). For 
the abrasion model, 5 of 10 mice received buprenorphine as 
described above, and the remaining 5 mice received saline as 
described above. After surgical preparation and confirmation of 
a surgical plane of anesthesia as previously described, a 2.0 cm2 
area of the dorsum was gently abraded using a felt wheel on a 
rotary tool (Dremel 3000 corded rotary tool (Racine, WI), creat-
ing a shiny, pink, bloodless abraded area (Figure 1 B).

Study 2. Seventy-two of 90 mice received 1 mg/kg (1.0 mg/
mL) of Buprenorphine SR-LAB (sustained release formula, Zo-
oPharm, Laramie, WY) subcutaneously in either the flank or 
lower back to avoid injection near the shaved area intended for 
wounding. The remaining 18 mice received 0.9% saline subcu-
taneously (0.05 mL each) in the locations described above. Mice 
were aseptically prepared for surgery using alternating scrubs 
of 10% povidone-iodine swab sticks (Medline Industries, Dal-
las, Tx) and 70% alcohol (Webcol alcohol pads, Cardinal Health, 
Dublin, OH). After confirming a surgical plane of anesthesia, 
each mouse was placed in left lateral recumbency, and the 
shaved skin along the dorsum was tented and folded over on to 
a firm, flat surface. Due to minor difficulties in obtaining 2 full 
thickness punch biopsies on the dorsum on animals in study 1, 
the process was refined for study 2. For study 2, a sterile, 4mm, 

disposable punch biopsy instrument (Miltex, York, PA) was 
used to create a single, dorsal, midline, full thickness wound, 
instead of 2 dorsal wounds. Sterile tissue scissors were used to 
remove any remaining biopsy tissue.

After the wounding procedures, each mouse in both study 
1 and study 2 was photographed and placed back in its home 
cage with supplemental heat. All animals from both studies 
were weighed twice weekly, and general health conditions were 
monitored daily.

Treatments. Study 1. For the punch biopsy, a total of 20 mice 
were divided into 4 treatment groups (5 mice per treatment 
group). The treatment groups were as follows: (S)-Saline only; 
(SC)-Saline and Chlorhexidine; (B)-Buprenorphine only (diluted 
in sterile water to 0.1 mg/mL); and (BC)- Buprenorphine and 
Chlorhexidine (Figure 2 A). All chlorhexidine applications were 
provided by the same person throughout the study. For the der-
mal abrasion, a total of 10 mice were divided into 2 treatment 
groups (5 mice per treatment group). The treatment groups for 
the abrasion model were: (S)- Saline only and (B)- Buprenor-
phine only (Figure 2 A). Prior to wounding, mice were arbi-
trarily assigned to treatment groups. In order to achieve blind 
assignments to the treatment groups, a person unaffiliated with 
the study arbitrarily selected a mouse from the original home 
cage and assigned the animal to an experimental (treatment) 
cage.

Mice receiving topical chlorhexidine therapy were treated 
once daily for 5 d. Chlorhexidine solution (2%) (Vedco, St Jo-
seph, Missouri), diluted in sterile reverse osmosis deionized 
water (0.12%), was applied using a soaked gauze that was held 
over the wound for 10 to 20 s. Treatments were performed using 
manual restraint on days that photographs were not obtained. 
On days that photographs were obtained (days 0, 2, 4, 7, and 
9 for the punch biopsy and days 0, 1, 2, 6, 8, 11, and 13 for the 
abrasion), chlorhexidine was applied while mice were anesthe-
tized.

Mice receiving perioperative Buprenorphine HCl only or 
perioperative saline only did not receive any other treatments 
throughout the duration of the study. However, these mice were 
manually restrained on non-photography days to control for 
restraint stress. These mice were also anesthetized and photo-
graphed on the days previously mentioned.

Study 2. Mice were divided into 5 treatment groups (18 
mice per treatment group). The treatment groups were as fol-
lows: (BLC)- Buprenorphine SR + low level laser therapy+ 
chlorhexidine; (BL)- Buprenorphine SR+ low level laser therapy; 
(BC)- Buprenorphine SR (1.0 mg/mL) + chlorhexidine; (B)- Bu-
prenorphine SR only; (S)- saline only. All mice were individually 
weighed twice weekly. Due to the large number of mice used 
in study 2, 45 mice were equally allocated to the 5 treatment 
groups and underwent experimentation; the second cohort 
began the test beginning 2 calendar days after the first cohort 
finished (Figure 2 B and C). All preparation and procedures 
were performed in exactly the same manner for both cohorts of 
mice. However, the second cohort were 10 to 12 wk of age when 
used rather than the 8 to 10 wk old ages of the first cohort. Mice 
were assigned to experimental treatment groups as described in 
study 1. All chlorhexidine and laser treatments were performed 
by the same person throughout the study. The statistical model 
adjusted for potential batch effects (see “Statistical Analysis” 
below).

LLLT was administered using a class IV LASER, Companion 
Therapy System, CTS model (Companion Animal Health, 
Newark, DE) (Figure 3 A) with a wavelength of 980 nm. A 
continuous wave mode at an energy of 10 Joules (1 W of power 
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for 10 s) was applied the CTS-provided small dermal treatment 
attachment (Figure 3 B). Laser treatment was performed 3 d 
per week (Monday, Wednesday, and Friday), beginning on the 
first day after wounding. To reduce the number of times mice 
were placed under general anesthesia, each mouse receiving 
LLLT was manually restrained using a Mouse DecapiCone 
(Braintree Scientific, Braintree, MA) with the wound exposed, 
and black electrical tape covering the narrow end to prevent 
ocular exposure to laser beams (Figure 4). On days 3, 6, and 10 
after wounding, when photos were obtained, mice received 
laser therapy under isoflurane anesthesia.

Mice were treated once daily for 5 d with 1.0 mL of 0.05% 
dilute chlorhexidine on a cotton gauze square. Mice were manu-
ally restrained in a modified DecapiCone as described above, 
and the chlorhexidine-soaked gauze square was held over the 
wounded area for 10 to 20 s. Chlorhexidine treatment was per-
formed after laser therapy on days when mice received both 
treatments. On days 3, 6, and 10 after wounding, photographs 
were taken under isoflurane anesthesia, immediately after laser 
therapy, but before chlorhexidine application.

Mice receiving perioperative Buprenorphine SR-LAB only 
or perioperative saline only were manually restrained in the 
modified DecapiCone daily, for 10 s each, and received no other 
treatments throughout the duration of the study. On days 3, 6, 

and 10 after wounding, photos were obtained while mice were 
under isoflurane anesthesia.

Documenting and Image Analys is .  Wounds were 
photographed while mice were anesthetized. All photographs 
were taken with standard exposures and focal lengths using 
a digital camera (Nikon D3200) equipped with a fixed focal 
length lens (zoom lens set at 55 mm) and mounted on a tripod 
with a set height of 60 centimeters. A micrometer or ruler was 
included in all photographs and was used as a reference to 
calibrate the measurements obtained by the software. Image 
analysis software (Image J/Fiji, National Institutes of Health, 
Bethesda, MD) was used to analyze all photographs. For all 
images, measurements and analyses were based on the wound 
being specifically defined by the edges of the punch biopsy 
lesion, and not by associated erythema or scabbing.

In study 1, wounds were photographed on experimental days 
0, 2, 4, 7, and 9 for the punch biopsies, and on days 0,1, 2, 4, 6, 
8, 11, and 13 for the abrasions. In study 2, wounds were photo-
graphed on experimental days 0, 3, 6, and 10. Using the Image 
J software, all photographs were analyzed to calculate the total 
wound surface area (Figure 5).

Tissue preparation and histopathology. Histopathology was 
not performed on mice from study 1 because the focus for 
this study was the visual and clinical measurement of wound 
healing. For study 2, on days 3, 6, and 10 after wounding, 6 

Figure 1. (A) Full thickness punch biopsies on the dorsum of animals used in study 1. (B) Partial thickness dermal abrasion on the dorsum of 
animals used in study 1.
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mice from each treatment group were randomly selected and 
euthanized using 100% carbon dioxide, per AVMA guidelines. 
By day 10, all mice from study 2 had been submitted for 
necropsy. A 2.0-centimeter lateral section of skin was taken 
from the lesion site of each mouse and was stapled to an index 
card to prevent curling. The skin on the index cards were fixed 
in 10% neutral buffered formalin for 48 h. After fixation, each 
section of skin was removed from the index card and trimmed 
to 1.0-centimeter-long including the lesion. Each section of skin 
was bisected through the lesion and placed in a labeled cassette 
and processed. Two slides were made from each cassette. 
One was stained with H and E and one stained with Masson 
Trichrome.

Histopathologic evaluation. Skin samples were histopatholog-
ically assessed using a previous publication39 as a reference for 
scoring specific parameters of wound healing, including edema, 
leukocytes, macrophages, granulation tissue, fibroblasts/colla-
gen, and epithelialization. However, we did not directly use the 
specific scoring guideline used in that publication. We were un-
able to use a semiquantitative scoring guideline due to the pres-
ence of unidentified foreign material that was found in a very 
high percentage of mice across all treatment groups and time 
points. The foreign material induced an inflammatory response, 
and the pathologist could not definitively distinguish between 
microscopic features of normal wound healing and those as-
sociated with the foreign material. Instead, the histopathologist 
provided a microscopic description of the samples.

Statistical analysis. The average total surface area of the 
lesions of each treatment group was calculated for each 
photographed time point. To standardize and assess the rate 
of healing between the treatment groups, the percentage of the 
wound area was compared with that of the initial wound area 
rather than using absolute surface area measurements. The total 
surface area of the wound was analyzed using a linear mixed 
model with random intercept for each animal. For study 2, batch 
effects were adjusted for by including batch and interactions 
between batch and time (days after wounding) as a fixed 
effect. Other fixed effect predictors included time, treatment 
group, and interactions between time and treatment groups. A 
likelihood ratio test was used to evaluate treatment effects and 
interactions between treatment and time. Posthoc comparison 
with Tukey adjustment was used to compare healing between 
treatment groups at each time point. Statistical significance was 
defined as P < 0.05.

Results
No incidences of mouse death, illness, or injury occurred dur-

ing any of the studies. The average wound areas per treatment 
group and per time point are displayed as a percentage of the 
initial wound area with corresponding standard error bars (Fig-
ures 6, through 8). Wound closure was complete in all mice by 
the last day of the study.

Figure 2. (A)Study 1 schematic. (B)Study 2 schematic. (C)Study 2 schematic with division of study 2 animals into 2 batches.
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Study 1. On day 2 after the punch biopsy wound (Figure 
6), the average wound area of mice in the B group was 39% of 
the original wound area, whereas mice in the S group had an 
average wound area of 57% of the original wound area. Wounds 
of mice in the BC and SC groups were 64% and 62% of the initial 
wound area, respectively.

By day 4 after wounding, the average wound area of mice 
in the B- and S-only groups had fallen to 28% and 40% of the 
initial wound area, respectively. The average wound area of 
mice in the BC group was 48% of the initial wound area, while 
the average wound area of mice in the SC group was 36% of the 
initial wound area.

At 7 days after wounding, the average wound area of mice 
in the B group was 5% of the original wound area and the aver-
age wound area of mice in the S group was 4% of the original 
wound area. Mice in the BC group had an average wound area 
that was 9% of the original area, while mice in the SC group had 
an average wound area of 10% of the original area.

At 9 days after wounding, which was the designated end of 
the study, all wounds appeared clinically healed as indicated 
by absence of erythema and scabbing, with negligible scarring. 
The average wound area of all mice in all treatment groups was 
2% or less that the initial wound area. Mice in the B- and S-only 
groups had an average wound area that was less than 1% of the 
initial wound area. Mice in the BC and SC treatment groups had 
average wound areas of 1% and 2% of the initial wound area, 
respectively.

For punch biopsies, no statistically significant differences 
were found among any of the treatment groups at any of the 
measured timepoints. The study compared each treatment 
group to the saline control group, and also compared treatment 
groups to each other. All Tukey adjusted P = values were greater 
than 0.25, and neither overall treatment effects (P = 0.4) nor 
treatment by time interaction effects (P = 0.3) were significant.

For the abrasion model (Figure 7), on day 1 after wounding, 
the B-only group had an average wound area of 82% of the 
original wound area, as compared with an average wound area 
of 71% of the original wound area for mice in the S-only group. 
On day 4 after wounding, mice in the B- and S-only treatment 
groups had similar average wound areas of 46% and 43% of the 
original wound area, respectively. Six days after wounding, the 
average wound area of the B-only group was 19% of the original 
wound area, and the average wound area of the S-only group 
was 17% of the original wound area. On day 8 after wounding, 
average wound areas were similar, with mice in the B-group 
having an area 8% of the original wound area and mice in the 
saline group having an area 7% of the original surface area. The 
B-only group had an average total surface area of 2% of the 
initial wound area on day 11, and the saline only group had a 
similar average total surface area of 3%. By day 13, the average 
wound surface area was 0.8% of the initial wound area for the 
B-only group and 1.2% of the initial wound area for the S-only 
group. All wounds were clinically considered to have healed by 
day 13 after wounding.

Figure 3. (A) Companion Therapy System (CTS) class IV laser therapy used to administer low-level laser therapy to animals used in study 2. (B). 
CTS provided small, dermal treatment attachment used to administer low-level laser therapy to animals used in study 2.

Figure 4. Modified decapicone with black electrical tape used to 
cover the eyes, and a whole cut out to access wounds. This was used 
to administer laser therapy to animals without having to anesthetize 
animals daily.
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No statistically significant differences were detected between 
the treatment groups at any of the measured timepoints for the 
dermal abrasions performed in study 1. All adjusted P values 
were greater than 0.8, and neither treatment effects (P = 0.4) nor 
treatment by time interaction effects (P = 0.5) were significant.

Study 2. For study 2 (Figure 8), at day 3 after wounding, 
the average wound area of mice in the B group was 62% of 
the original wound area and 52% in the BC group. Wounds of 
mice in the BL and BLC groups were 53% and 54% of the initial 
wound area, respectively. The average wound area of mice in 
the saline control group was 51% of the initial wound area.

By day 6 after wounding, the average wound area of mice in 
the B and BLC groups had fallen to 17% and 16%, respectively. 
The average wound area of mice in the BC group was 20%, and 
the averages of mice in the BL and saline groups were both 17%.

At 10 days after wounding, which was designated as the 
end of the study, all wounds appeared to be clinically healed 
as indicated by absence of erythema or scabbing and negligible 
scarring. The average wound area of all mice in all treatment 

groups was 6% or less of the initial surface area. Mice in the B 
and BC group had average wound areas of 6% and 4% of the 
initial wound area, respectively. Similarly, mice in the BL and 
BLC both had average wound areas of 6%, as did mice in the 
saline group.

The average percentage of initial wound area for each group 
is shown on the line graph with standard error bars (Figure 8). 
No significant treatment effects (P = 0.9) or interactions between 
treatment and time (P = 0.88) were detected, indicating that the 
rate of wound healing was not different between any of the 5 
treatment groups. No statistically significant differences were 
detected between treatment groups at any of the timepoints (all 
adjusted P values were greater than 0.4).

Histopathology. Samples collected from mice 3 days after 
wounding were easily and consistently identified by a focal area 
lacking epithelium (biopsy site) covered by layers of fibrinous 
material with degenerate neutrophils and cellular debris, con-
sistent with scabbing, of varied thickness (Figure 9 A and B). The 
histologic appearance of day 3 samples was similar between 
treatment groups. Skin samples of mice at 6 d after wounding 
also lacked epithelium, and the biopsy site generally appeared 
slightly smaller than that seen in day 3 mice (Figure 10 A and 
B), concordant with clinical observations and image analysis of 
surface area measurements. Slight reepithelialization of the skin 
adjacent to the biopsy site was occasionally observed, charac-
terized by thickened epithelium and minimal hyperkeratosis. 
Generally, samples from day 6 were histologically comparable, 
with no remarkable differences between treatment groups. By 
10 d after wounding, many samples had completely reepitheli-
alized (Figure 11 A and B). The reepithelialized area contained 
thickened epithelium and minimal hyperkeratosis; most dermal 
adnexal structures were absent. Day 10 samples were micro-
scopically similar, with no distinct differences noted between 
treatment groups. Unexpected inflammation associated with 
foreign bodies (hair and/or other undetermined material) was 
present in the majority of samples from day 3 and day 6 mice, 
including the saline control groups. Fewer foreign bodies were 
noted and associated inflammation was less in day 10 samples. 
An objective scoring rubric, similar to previously published 
work,39 and trichrome analysis, were precluded due to the con-
founding factor of foreign material identified in the majority of 
skin samples.

Figure 5. Wounds were photographed on specific days for each study. Image J software was used to determine the total wound surface area.

Figure 6. The average wound area of mice used in the punch biopsy 
model of study 1 on days 2,4,7, and 9 in comparison to the initial 
wound area (day 0). Shown with corresponding standard error bars.
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Discussion
In these studies, we investigated the effects of a commonly 

used analgesic, a topical antiseptic solution, and a novel LLLT 
to evaluate their impact on wound healing. Study 1 investigated 
standard buprenorphine hydrochloride and chlorhexidine in 2 
different wound models. The 2 agents were studied individually 
and in combination. Study 2 investigated suspended release 
buprenorphine, chlorhexidine, and LLLT in a surgical wound 
model. We found no significant difference in the rate of wound 
healing in any of the groups.

The growing awareness and concern regarding wound 
healing and the economic cost of wound treatment has 
garnered interest and research in effective treatment and 
management of wounds. While a host of animal species have 
been used to model wound healing, most studies have been 
conducted using either pigs or mice.23 Pig skin shares many 
anatomic features with human skin, including healing by the 
process of epithelization,23,29 thereby making them a good 
preclinical and translational model to study wound healing 
that is relevant to humans. However, due to their size, pigs are 
more expensive to house and maintain, require more advanced 
anesthetic and surgical protocols, and are not feasible for some 
research facilities.23 In contrast, rodents are small, easy to house, 
easy to handle, and relatively inexpensive, although they also 
have loose skin and a subcutaneous panniculus carnosus 
muscle that allows them to heal relatively quickly.12,65 Unlike 
humans, who heal mostly by epithelization, the majority of 
the healing process in mice occurs by contraction.24,62 Despite 
these differences, the overall healing process is similar in 
mice and humans. In both species, normal cutaneous wound 
healing is a complex process with several, converging, phases 
including inflammation, proliferation, and remodeling.1,45,44,64 
The inflammatory phase is characterized by the formation of a 
platelet plug to achieve hemostasis, and the subsequent influx 
of inflammatory cells such as neutrophils, macrophages, and 
lymphocytes to the wound.39,44 During the proliferation stage, 

macrophages and fibroblasts increase in number,39,44 while the 
population of neutrophils and lymphocytes begins to decline. 
Fibroblasts are responsible for creating the extracellular 
matrix and collagen fibers that are seen during the remodeling 
phase of wound healing.39,44 However, many factors can 
affect wound healing including age of the animal, the overall 
clinical condition, nutritional status, oxygenation of tissue, the 
presence of infection, and stress.

To mechanistically model these various aspects of wound 
healing, several murine models have been developed. Some 
of the most common in mice are ischemia/reperfusion, skin 
fibrosis/scarring, dermal abrasion, and incisional/excisional 
wounds. Mouse models of ischemia and reperfusion injury are 
used to simulate pressure sores and investigate impairments in 
neovascularization and angiogenesis, which are key components 
of wound healing.5,12,24,42,62 This model is accomplished using 
either a skin flap or insertion of a metal disc or magnet beneath 
the skin.12,24,42,62 Skin fibrosis and hypertrophic scarring are 
a broad model used to investigate a host of fibroproliferative 
diseases and dermal changes after burn, radiation, chemical 
injury, and general cutaneous trauma.42,62 Dermal abrasion 
models use either a scalpel blade or rotary tool to induce a 
partial thickness wound in which only the upper most layers 
of skin are damaged.24 Incisional and excisional wounds 
involve damage or removal of a full thickness section of skin, 
usually from the dorsum; excisional wounds may or may 
not subsequently be splinted to prevent contraction. This 
model is commonly used to study acute wounds and chronic, 
nonhealing ulcers such as those seen in diabetic or hypothyroid 
patients.11,12,23,42,62 Excisional wounds are particularly common as 
the wound creation is reproducible, and topical medications or 
compounds can be applied directly to the wounds.

Our studies used excisional skin biopsy and dermal abra-
sion because these models are currently used at our institute. 
The analgesic component of the study was designed to address 
our investigators’ concern that buprenorphine would interfere 
with the healing process. However, the control of pain in rodent 
research is an ethical and legal responsibility,8,20 and stress and 
pain can also impede the wound healing.37

Study 1 used a single dose of buprenorphine hydrochloride. 
Buprenorphine is a widely used opioid in rodents, but its 

Figure 8. The average wound area of mice used in the punch biopsy 
model of study 2 on days 3,6, and 10 in comparison to the initial 
wound area (day 0). Shown with corresponding standard error bars.

Figure 7. The average wound area of mice used in the dermal abrasion 
model of study 1 on days 1,4,6, 8, 11, and 13 in comparison to the initial 
wound area (day 0). Shown with corresponding standard error bars.
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duration of analgesia varies and is rarely reported to be 
effective longer than 8 h.21,32,36 Study 2 used a sustained release 
formulation of buprenorphine. Sustained release formulations 
have been documented to provide serum concentrations of 
1 ng/mL in rodents for as long as 48 to 72 h14,20 and provide 
analgesia in rats for 72 h.20 Our studies found that neither 
formulation of buprenorphine affected the wound healing rate.

We incorporated chlorhexidine into our treatment plan 
because it is a commonly used antiseptic for the treatment of 
experimental wounds, fight wounds and dermatitis in mice 
at this institute. Study 1 used a chlorhexidine concentration 
of 0.12%, which was our standard treatment concentration 
at the time. A previous report found that tissue healing was 
inhibited in-vitro by 0.12% chlorhexidine.10,33 Similarly, an in 
vivo report showed inhibited wound contraction in adult Wistar 
rats treated with 0.05% chlorhexidine as compared with rats 
treated with tap water and sterile saline.49 However, another 
study designed to compare 2 concentrations of chlorhexidine, 
0.005% and 0.05%, reported that neither concentration inhibited 
or enhanced wound healing.50

We hypothesized that LLLT would quicken the healing 
process. All mice used in LLLT studies were young (16 wk 

of age or younger) and otherwise healthy with no known 
diseases or comorbidities. Young animals, in general, heal 
faster than adult or aged animals.47 As mentioned above, 
mice heal primarily by wound contracture. In future studies, 
splinting the wound at the time of surgery would minimize the 
contributions of contracture in this murine model.16 Similarly, 
comorbidities, such as diabetes1,46,51,64 and hypothyroidism18,41 
inherently delay wound healing. Some evidence suggests 
that LLLT and other photostimulatory therapies promote 
healing.1,2,15,46,55 We may have seen effects on the rate of 
wound healing had we used adult or aged mice or mice with 
comorbidities. Similarly, we used only one strain of mouse 
for both studies. This albino strain is commonly used at our 
institute for blastocyst injections. The lack of pigment allows 
for easy identification of chimera mice. Due to lack of pigment, 
these mice are genetically prone to retinal degeneration.27,59 
However, we are not aware of evidence that this anomaly has 
any inherent effect on cutaneous wound healing. A repeat of 
our experimental design using a different mouse strain may 
render different results as some mouse strains may be more 
resistant to healing or more responsive to LLLT than others.15 
Moreover, the type of laser and the wavelength used can factor 

Figure 9. (A) Biopsy site from saline-treated mouse 3 d post wounding at 3.1× magnification. Note focal fibrinous material (green arrow) 
admixed with regions of hypercellularity (red arrows) consistent with a scab. (B) Biopsy site from buprenorphine and chlorhexidine-treated 
mouse 3 d post wounding with similar appearing scab (blue arrow) at 3.1× magnification.

Figure 10. (A) Biopsy site from saline-treated mouse 6 d post wounding at 3.1× magnification. Note focal fibrinous material (green arrow) 
admixed with regions of hypercellularity (red arrow) consistent with a scab. (B) Biopsy site from buprenorphine and chlorhexidine-treated 
mouse 6 d post wounding with less-cellular appearing scab (blue arrow) at 3.1× magnification.
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into the efficacy of LLLT. In comparing varying wavelengths 
ranging from 635 nm to 820 nm, the most effective wound 
healing was obtained using the 820 nm wavelength.15 With the 
specific CTS laser used for this study, using a wavelength other 
than 980 nm may elicit different results.

For study 2, the microscopic changes described were 
consistent between treatment groups and at each time point. No 
signs of infection were noted during clinical examination of the 
mice; however, the presence of foreign material in the samples 
prevented the objective histopathologic scoring assessment 
of findings such as inflammation and fibrosis as being due to 
wound healing as compared with foreign body responses. The 
hair fragments and other undetermined material may have been 
secondary to social interaction or self-grooming of the animals, 
or due to the presence of residual shaved fur during either 
wounding or administration of treatments. Single housing 
of animals and the use of an alternate preparation protocol 
may have prevented this confounding factor and should be 
considered for future studies of this nature.

Based on our studies, the lack of significant differences in 
the rate of wound closure between treatment groups at any of 
the timepoints suggests that for these wound types, buprenor-
phine, chlorhexidine, and/or LLLT do not alter wound heal-
ing. Previously published studies with results contrary to ours 
vary with regard to strain, age, and health status of the mice 
used, specifications of the particular laser used, and housing/
management of the mice after wounding. All of these should 
all be taken into consideration when evaluating the results of 
our study and in planning for future studies. Specifically, future 
work using this experimental design should consider use of a 
splint in the punch biopsy, and while certain conclusions can be 
deduced, LLLT-only and chlorhexidine-only treatment groups 
should be included in future studies. Future studies should also 
evaluate these therapeutics in wound healing of aged mice and 
mice with comorbidities (such as diabetes, hypothyroidism, etc.) 
and should use varying strains of mice and/or rats. In addi-
tion, mice should be singly housed to minimize any inadvertent 
wound contamination. Furthermore, future studies should be 
designed to answer questions about the analgesic properties 
of LLLT in wound healing and consider extrapolation of these 
treatment modalities to common conditions such as ulcerative 
dermatitis and fight wounds.

In conclusion, our studies indicate that a single dose of 
standard systemic buprenorphine hydrochloride or sustained 
release buprenorphine formulation does not impair or delay 
excisional wound healing in young, healthy mice. Similarly, 
acute use of dilute, topical chlorhexidine at a concentration 
of either 0.05% or 0.12% does not impair or delay excisional 
wound healing. Our studies have also shown that in young, 
healthy mice with no co-morbidities, LLLT does not accelerate 
excisional wound healing in these models.
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