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Ulcerative dermatitis (UD) is a common syndrome of unknown 
etiology that results in profound morbidity in C57BL/6 mice and 
strains on a C57BL/6 background.18,26,41 Ulcerations generally 
present on the dorsal scapulae, although torso, shoulder, and 
facial lesions are seen also, and may be single or multifocal in 
distribution.2,18,22 The lesions are due to severe pruritus-induced 
self-trauma, progressing from superficial excoriations to deep ul-
cerations.2,18,40 Subsequent inflammation brings heavy concentra-
tions of neutrophils, lymphocytes, macrophages, and mast cells 
to the lesion site.2 Multifactorial etiologies have been suggested 
for UD, including age,25,26 sex,2,18,40 diet,6,25,27,31 immune-complex 
vasculitis,2 and primary follicular dystrophy.42 These proposed 
etiologies have prompted many treatment options, which have 
achieved varying degrees of success. Of these, maropitant ci-
trate,45 vitamin E,22 cyclosporine,14 caladryl lotion,9 and toenail 
trimming24,35 have had the greatest effect on minimization of le-
sion size. No treatment to date has been curative.

Recent studies have indicated that the ultimate etiology of UD 
may lie in the behavior patterns of C57BL/6 mice.11,15 These stud-
ies suggest that barbering in C57BL/6 mice is a compulsive be-
havior, showing similar traits to trichotillomania in humans,15 
leading to the hypothesis that UD is behavioral and not dermal in 
origin. In addition, development of UD later in life can be predict-

ed based on increased scratching behavior at a young age.11 These 
researchers also found that increasing levels of brain serotonin in-
creased hair pulling and induced UD, further implicating UD as a 
function of behavior. Other recent evidence similarly connects UD 
with behavioral abnormalities, specifically excessive grooming 
resulting in oral hair impaction.10,21 The highly significant asso-
ciation found between UD and hair-induced periodontitis sug-
gests that these UD lesions are secondary effects, self-inflicted in 
response to continual, unresolvable oral inflammation and pain. 
This theory was supported by a highly significant tendency for 
facial UD lesions (a less common form of UD) to be ipsilateral 
to periodontitis (33 of 37, χ2 2-tailed P < 0.0001).10 It is possible 
that the ultimate cause of the hair-induced periodontitis is due 
to overgrooming and barbering, again suggesting an ultimate 
behavioral cause of UD.

Treatment success with maropitant citrate, a tachykinin neuro-
kinin 1 (NK1) receptor antagonist, also adds weight to the theory 
that UD is behavioral in origin by indicating that substance P, 
which functions at the NK1 receptor to induce itching and scratch-
ing, may play a role in maintaining UD lesions through perpetua-
tion of the itch–scratch–itch cycle.45 Substance P is a neuropeptide 
with high affinity for the NK1 receptor and has been shown to be 
a potent inducer of pruritus mediated by various compounds, in-
cluding histamine from mast cells, in both mice and humans.1,16

In addition, a strain-specific, inappropriate response to oxida-
tive damage may participate in the initiation and maintenance 
of UD.22 The antioxidant vitamin E has been among the most 
successful of the numerous, diverse treatments prescribed for 
UD,22 and unchecked lipid peroxidation is well known to cause 
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at which time mice were euthanized by inhalant CO2 and the 
wound and a surrounding 1 mm of skin were excised, and flash-
frozen as described earlier.

Control group. Eleven (6 male, 5 female; age, 4 to 12 mo) naïve, 
C57BL/6J control mice (The Jackson Laboratory) with no derma-
titides were euthanized by CO2 inhalation, and a 200-mg sample 
of nape skin was collected as described earlier. Mice from this 
group were used for comparison with both the UD and normal 
wound groups.

BALB/c normal wound and control groups. Thirteen (7 male, 
6 female) BALB/cAnNHsd (BALB/cHsd; Harlan Laboratories, 
Indianapolis, IN) mice were divided equally by sex into a con-
trol group (n = 6) and an experimental group (n = 7), in which 
wounds were induced by the removal of skin biopsies. Samples 
were harvested 24 h after wound induction for analysis as de-
scribed earlier for C57BL/6J mice.

Animal care. Mice were received at the Division of Laboratory 
Animal Medicine, at the University of California Los Angeles. All 

pain and pruritus.7 However, if UD were simply a self-inflicted 
consequence of abnormal behavior, such as scratching or exces-
sive grooming, then it likely would behave similarly to a normal 
wound, which initiates a robust oxidative stress response to com-
bat oxidative injury.33,34 Therefore, we were prompted to investi-
gate the oxidative stress response of UD to determine whether it is 
similar to the response exhibited during normal wound-healing.

Normal wound healing is a complex interaction of cell types 
and signaling molecules.23,48 Oxidative free radicals play a criti-
cal role in the initiation of wound healing, including cell signal-
ing,32,34,39 and protection of the wound from foreign invaders.33 
Reactive oxygen species are generated from respiratory bursts 
from inflammatory cells, such as neutrophils and macrophages,3,4 
and must be countered by internal antioxidant systems within 
surrounding cells to prevent unnecessary damage.33,50 Several 
of the most important antioxidant pathways use the enzymes 
glutathione peroxidase,38 catalase,50 heme oxygenase,5 superoxide 
dismutases,29 and peroxiredoxins,47 to catalyze important steps 
in the detoxification of free radicals (Figure 1). The superoxide 
dismutases act first, within the macrophages and neutrophils 
themselves, to reduce the superoxide anion to hydrogen perox-
ide. Superoxide anions are unable to cross cell membranes, but 
once converted to hydrogen peroxide molecules, they enter the 
extracellular space and surrounding cells. Hydrogen peroxide 
can be further detoxified to water by the action of several related 
enzymes (glutathione peroxidase, catalase, and peroxiredoxin) 
using slightly different mechanisms. Injury also can result in hem-
orrhage, leading to the extravasation of RBC, which then lyse and 
release free hemoglobin into the interstitium for oxidation into 
free heme. Free heme catalyzes free radical production through 
Fenton chemistry. In addition, extracellular heme can enter neigh-
boring cells and trigger the antioxidant enzyme heme oxygenase 
1 (HO1), which that transforms heme into bilirubin, a potent anti-
oxidant involved in protecting lipids from oxidation.33

The gene expression pattern characteristic of the early oxi-
dative stress response during normal wound healing has been 
well characterized in various mammalian models33,38,50 but not 
C57BL/6 mice. Here we evaluated the oxidative stress response 
in UD-affected C57BL/6J mice at the gene expression level. We 
postulated that this response would be comparable to that seen 
in normal wound healing.

Materials and Methods
C57BL/6 ulcerative dermatitis, normal wound, and control 

groups. UD group. Six (3 male, 3 female; age, 1 y) naïve, C57BL/6J 
(The Jackson Laboratory, Bar Harbor, ME) mice with full-thick-
ness UD nape lesions were selected on the basis of daily health 
reports. A veterinarian confirmed the diagnosis of full-thickness 
UD before the mouse was placed on study. All of our mice with 
UD were reported within approximately 24 h after onset of the 
lesion and were euthanized immediately by CO2 inhalation. A 
200-mg sample of affected skin was excised, any adherent fat re-
moved, and the section quick-frozen in liquid nitrogen and stored 
at −80 °C.

Normal wound group. Six (3 male, 3 female; age, 1 y) C57BL/6J 
mice (The Jackson Laboratory) were anesthetized with isoflu-
rane and shaved in a 2 cm × 2 cm area around the nape of the 
neck. Two skin biopsies located 1 cm apart were excised by us-
ing a 5-mm biopsy punch (Integra LifeSciences, Plainsboro, NJ). 
The wounds were allowed to heal by second intention for 24 h, 

Figure 1. Summary of oxidative stress response pathways. (A) Macro-
phages and neutrophils are among the initial innate immune cells to 
respond to an injury. These cells generate respiratory bursts consisting 
of superoxide anions (O2−) and hydrogen peroxide (H2O2). Superoxide 
dismutase enzymes convert the superoxide anion to hydrogen perox-
ide. Hydrogen peroxide can pass out of the cell and into the interstitium, 
where it can enter neighboring cells and cause oxidative damage. In 
this example, epithelial cells have been exposed to hydrogen peroxide, 
resulting in a cellular oxidative stress response. Subsequently several 
antioxidant pathways are activated, including glutathione peroxidase, 
catalase, and peroxiredoxins. These enzymes allow the cell to prevent 
oxidative damage by breaking down the hydrogen peroxide to oxygen 
and water. (B) If an injury results in inflammation or hemorrhage, RBC 
are lysed, leading to the release of free hemoglobin (Hb) into the intersti-
tium. Hemoglobin then is oxidized, leading to the release of free heme. 
Heme catalyzes free radical production through Fenton chemistry. Once 
heme enters a cell, the inducible enzyme heme oxygenase 1 converts the 
heme to bilirubin, a potent antioxidant.
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in the normal oxidative stress response, including GPX1, HO1, 
Prdx1, Prdx6, Cat, SOD1, and SOD2 (Figure 1). Gene expression 
differed significantly (P = 0.0004) depending on whether the 
mice had UD or not. We then used pairwise one-tailed t tests 
to ask which of the genes were upregulated in the UD group 
(Figure 2 A).

The gene expression profile of the oxidative stress response 
in UD-affected mice was largely consistent with previous stud-
ies: GPX1 and Prdx6 were robustly and significantly upregulated 
(P = 0.0046 and P = 0.0433, respectively), but Cat was not 
(Figure 2 A). Prdx1 was modestly upregulated (P = 0.0077). HO1 
demonstrated high variability in the UD group; the data suggest 
upregulation of HO1 in UD, but this comparison was not statisti-
cally significant. SOD1 and SOD2 showed no evidence of upregu-
lation in UD, contrary to previous published evidence that these 
genes are upregulated in response to a wound.38 A power calcula-
tion of sensitivity determined that we had 80% power to detect 
an effect size of 1.323 or larger (see Methods). However, because 
no previous studies have specifically assessed the wound healing 
response in the C57BL/6J strain, we could not rule out the pos-
sibility that this nonresponse of the SOD genes simply represents 
variation between strains.

To evaluate SOD1 and SOD2 in a model of wound healing 
in C57BL/6J mice, we created full-thickness skin wounds by  
using a 5-mm biopsy punch as in a previous study38 and collected 
samples 24 h later. We also performed this same wounding ex-
periment in another commonly used inbred strain, BALB/cHsd, 
to further investigate the possibility of strain variation. In both 
strains, neither SOD1 nor SOD2 was upregulated in response to 
wounding (Figure 2 B and C), although the significant (P < 0.05) 
upregulation of GPX1, HO1, Prdx6, and Prdx1 indicated that the 
wounding process had indeed elicited a normal oxidative stress 
response in these models (data not shown). This absence of re-
sponse of the SOD genes in normal wounding models suggests 
that an absence of an SOD response in UD does not represent a 
defect of oxidative stress.

Discussion
The C57BL/6 strain is uniquely susceptible to UD, a spe-

cific type of self-perpetuated wound injury with unknown 
etiology.18,26,41 We compared the oxidative stress response at the 
gene expression level in C57BL/6J mice affected by UD with pre-
viously published data,38 to look for evidence of a defect in oxida-
tive stress pathways.

Because the antioxidant vitamin E has been among the most 
successful of the myriad treatments used to alleviate UD, aber-
rant oxidative injury has been proposed as a possible mechanism 
for UD lesion development.22 However, a different possibility for 
the origin of UD has been raised by recent work demonstrating 
a significant behavioral component involving increased scratch-
ing behavior and increased barbering in C57BL/6 mice.11,15 Other 
studies have associated UD with alopecia,27,42 potentially due to 
a defect in vitamin A metabolism or to a primary follicular dys-
trophy resulting in skin inflammation.42 However, the UD lesions 
in our current study were not preceded by onset of alopecia; 
therefore, we believe that the UD we describe here represents an 
etiology that is unique from the one described in these other stud-
ies.41,42 If behavioral characteristics are indeed responsible for the 
onset of UD, then UD lesions likely would not deviate from the 

mice were housed in an SPF, AAALAC-accredited facility, where 
sentinel mice are tested quarterly and remain negative for mouse 
parvovirus (types 1 and 2 and NS1), minute virus of mice, mouse 
norovirus, mouse hepatitis virus, Sendai virus, lymphocytic cho-
riomeningitis virus, polyomavirus, K virus, pneumonia virus of 
mice, mouse adenovirus, epizootic diarrhea of infant mice, mice 
encephalomyelitis virus, reovirus, ectromelia virus, Mycoplasma 
pulmonis, and Helicobacter spp. as well as endo- and ectoparasites. 
After experimental intervention, mice were singly housed in poly-
carbonate cages (Lab Products, Seaford, DE) on corncob bedding 
(Bed-O’Cobs, The Andersons, Maumee, OH) and were given en-
richment nesting material (Nestlets, Ancare, Bellmore, NY). Mice 
received rodent diet (PMI Nutrition International, Richmond, IN) 
ad libitum. The animal room was environmentally controlled, 
with temperature maintained between 68 to 79 °F (20.0 to 26.1 °C), 
relative humidity between 30% and 70%, and a 12:12-h light:dark 
cycle. The IACUC of the University of California—Los Angeles 
approved all animal use activity in this study.

Quantitative PCR. Total RNA was isolated by homogenizing 
tissue in TRIzol reagent (Invitrogen, Carlsbad, CA) and pro-
cessing according to the manufacturer’s instructions. RNA was 
reverse-transcribed into cDNA with the iSCRIPT kit (BioRad 
Laboratories, Hercules, CA). Real-time quantitative PCR was 
performed with the BioRad iCycler (BioRad Laboratories) as pre-
viously described.49 Expression levels were normalized to those 
of the endogenous control gene hypoxanthine–guanine phos-
phoribosyltransferase (Hprt). The following genes were analyzed 
by real-time qualitative PCR: glutathione peroxidase 1 (GPX1), 
heme oxygenase 1 (HO1), peroxiredoxin 1 (Prdx1), peroxiredoxin 
6 (Prdx6), catalase (Cat), superoxide dismutase 1 (SOD1), and su-
peroxide dismutase 2 (SOD2; Sigma Aldrich, St Louis, MO). The 
primers used for these genes are listed in Table 1.

Statistical analyses. The gene expression data were prepared 
for analysis by calculating log2(normalized expression) = 
log2(experimental gene expression / Hprt expression). Log trans-
formation was performed to improve the normality of the gene 
expression data. These values were regressed on sex to correct 
for any potential effect. The residuals from this regression were 
used for 2-way ANOVA, comparing UD-affected with control 
animals for the 7 genes described, with the group variables of 
gene, UD or control status, and their interaction. Because these 
analyses yielded significant F statistics for the UD–control vari-
able (P = 0.0004) and gene×UD–control interaction (P = 0.0004), 
one-tailed Student t tests were performed to identify the genes 
that were activated in the UD samples. Both STATA (StataCorp, 
College Station, TX) and Excel (Microsoft, Redmond, WA) statis-
tical programs were used. A power calculation was performed 
as a follow-up to the negative results found for SOD1 and SOD2 
in this analysis, by using the G*Power 3 statistical package,13 to 
determine the effect size (Cohen d) detectable at 80% power for 
a one-tailed t test with an α value of 0.05. An α value of 0.05 was 
used for all analyses.

Results
Skin biopsies were collected from C57BL/6J mice with UD 

and from unaffected C57BL/6J controls of similar age. Samples 
were obtained approximately 24 h after onset, a time point pre-
viously shown to exhibit a peak in the upregulation of oxida-
tive response genes.20,33,38 The samples were evaluated for gene 
expression levels of a panel of enzymes known to be involved 
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wounds. To evaluate whether this nonresponse was simply a 
difference between strains (C57BL/6J compared with the sub-
strain of BALB/c used in the previous study), we performed 
2 normal wound healing experiments in cohorts of C57BL/6J 
and BALB/cHsd mice. In both of these experiments, neither 
SOD1 nor SOD2 was upregulated in response to wound heal-
ing, despite a response from the other oxidative stress genes 
measured that was consistent with the literature and with our 
findings in UD. Therefore the lack of SOD1 and SOD2 upregu-
lation in UD wounding is not evidence of a UD-specific or even 
a C57BL/6-specific defect in oxidative stress, given that these 
genes also are not upregulated in C57BL/6 and BALB/c nor-
mal wound healing. Superoxide dismutase may represent an 
arm of the oxidative stress response pathway whose upregula-
tion in wound healing is specific to that particular substrain of 
BALB/c mice or that is not activated at this early (24 h) time 
point in C57BL/6J and BALB/cHsd strains. Importantly, the 
response of the UD group does not differ from either of the 
surgically wounded groups in our study, indicating that failure 
to upregulate the SOD genes likely does not represent impair-
ment of wound healing.

Ultimately, the oxidative stress response pattern that emerges 
for UD wounds in C57BL/6 mice is remarkably similar to that of 
a normal wound healing process, as observed in both C57BL/6J 
and BALB/cHsd mouse strains in our study, as well as in various 
models from previous studies.33,38 This consistency indicates that 
the initial oxidative stress response in UD is unimpaired, further 
suggesting that UD may be related to behavior. Our findings are 
especially exciting in light of the recently proposed mechanism 
of UD as a behavioral manifestation, in which the unique trig-
ger lies not in a dysfunction of the skin or wound itself but in an 
unrelated susceptibility to increased scratching behavior11,15 or 
overgrooming leading to hair-induced periodontitis.10 Further-
more, that UD is a functionally normal wound could explain 
why no single type of treatment has been universally successful. 
Notably, the treatments that have produced the best results for 
UD cases9,14,22 are remedies that have been used in other mam-
mals to treat similar inflammatory skin conditions.8,12,30,37,43 In 
light of our findings, the success of these treatments is likely due 
to their ability to improve all types of wound healing rather than 
to UD-specific impairment in the oxidative stress response. Even 
simply halting the mouse’s itch–scratch–itch cycle by toenail 
trimming can be an effective treatment,24,35 reinforcing the self-
inflicted nature of the syndrome and the idea of UD as a typical 
rather than atypical wound.

In conclusion, our results suggest that the etiology of UD does 
not include a defect in the oxidative stress response. Our findings 

normal oxidative stress response activated during wound healing 
and would not be subject to aberrant oxidative injury.

Many oxidative stress response genes are induced during nor-
mal wound healing in mice38 and rats,36 but the C57BL/6 mouse 
strain has not, to our knowledge, been evaluated in this way. We 
chose a variety of genes for antioxidant enzymes to represent sev-
eral different pathways, as well as a spectrum of known respond-
ers and nonresponders in wound healing.

One of the most potent responders is GPX1, a selenoenzyme 
that detoxifies hydrogen peroxide to water.50 Expression of GPX1 
is induced within 24 h of full-thickness excisional wounds.38 In 
our current study, GPX1 was significantly upregulated in UD 
wounds, consistent with this previous work.

An important response gene in an alternative pathway is HO1, 
an inducible enzyme that converts free heme through multiple 
steps to bilirubin, a potent antioxidant.5,44 The HO1 gene is tran-
siently upregulated at day 1 of normal wound healing.17,33 HO1 
expression appeared to be increased in UD wounds, although po-
tent within-group variation kept this comparison from reaching 
statistical significance. The brevity of the window for HO1 upreg-
ulation after wounding is likely responsible for the variability in 
HO1 expression, given that it is difficult to determine the precise 
time at which the wound was initiated due to the spontaneous 
nature of the injury.

The Prdx enzymes catalyze the reduction of hydrogen perox-
ide and other peroxides.47 In studies of normal wound healing 
in rats and humans, the Prdx6 member of this enzyme family 
was upregulated in response to skin wounds.19,28 We similarly 
noted that Prdx6 is significantly upregulated in UD wounds. In 
addition, another member of the enzyme family, Prdx1, was up-
regulated. Prdx1 expression in a previous study was not increased 
in response to skin wounds,47 perhaps because the less sensitive 
assay used previously could not detect the modest difference that 
occurred in our current study.

Catalase is another common antioxidant enzyme that detoxifies 
hydrogen peroxide to oxygen and water.50 However, previous 
work indicates that this gene is not upregulated in the normal 
response to a skin wound.38 Our observations were consistent 
with this finding.

Upstream of the effects of these hydrogen peroxidases are 
the 2 forms of superoxide dismutase (SOD1, a constitutively 
expressed cytosolic enzyme, and SOD2, an inducible mito-
chondrial form), which convert the highly reactive superox-
ide anion to hydrogen peroxide.37,46 In a previous study, both 
forms exhibited upregulated gene expression at 24 h after 
wounding in a substrain of BALB/c mice.38 However, in our 
current study, neither SOD1 nor SOD2 was upregulated in UD 

Table 1. Primer sequences for real-time qualitative PCR analysis

Forward primer (5′→3′) Reverse primer (5′→3′)

GPX1 CGG TTT CCC GTG CAA TCA GTT C ACT GGG TGT TGG CAA GGC ATT C
HO1 GAA CAT CGA CAG CCC CAC CAA G CAG CAT CAC CTG CAG CTC CTC A
Prdx1 ACG ACT AGT CCA GGC CTT CC GGC AGA AAA ATG GTC CAG TG
Prdx6 GGC CCT GAC AAG AAA CTG AA TCG GAG AGG GTG GGA ACT AC
Cat CCA CCT GAA GGA CGC TCA GCT TT CTT TTC CCT TCG CAG CCA TGT G
SOD1 AAC CAG TTG TGT TGT CAG GAC CCA CCA TGT TTC TTA GAG TGA GG
SOD2 CGA AGC CCC TGT TTA TCT GA CTC ACC GAG GTC ATC TCT GC
Hprt TAT GGC GAC CCG CAG CCC T CAT CTC GAG CAA GAC GTT CAG
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