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Contributions of Diet and Age to Ulcerative
Dermatitis in Female C57BL/6] Mice

Alfonso S Gozalo,! Patricia M Zerfas,? Jing Qin,® Derron A Alves,! Munir Akkaya,*®
Mirna Y Peiia,* and William R Elkins!

C57BL/6]J (B6) mice are commonly affected by ulcerative dermatitis (UD), a disease of unknown etiology with poor response
to treatment. To study the possible role of diet in UD, we compared skin changes in B6 female mice fed a high-fat diet with
those of mice fed a control diet. In addition, skin samples from mice with no, mild, moderate, and severe clinical signs of UD
were examined by light and transmission electron microscopy (TEM). Mice fed a high-fat diet for 2 mo had more skin mast
cell degranulation than did mice fed the control diet for the same period. Regardless of diet, older mice had more skin mast
cells and more of these cells were degranulating as compared with younger mice. Microscopic changes in very early lesions
were characterized by an increase in dermal mast cells and degranulation with focal areas of epidermal hyperplasia with or
without hyperkeratosis. As the condition progressed, a mixed but predominantly neutrophilic inflammatory cell infiltrate
appeared in the dermis, with or without epidermal erosion and scab formation. TEM showed that dermal mast cell mem-
branes had disrupted and released of large number of electron-dense granules, whereas degranulated mast cells were filled
with isolated and coalescing empty spaces due to fusion of granule membranes. Ulceration appeared to occur very quickly,
probably as result of intense scratching due to the pruritogenic properties of the histamine released from mast cell granules.
This study showed a direct correlation between dietary fat and skin mast cell degranulation in female B6 mice. In addition,
the number of skin mast cells and degranulation rates was higher in older mice. Treatments directed at preventing mast cell
degranulation may result in better outcomes when applied early in UD cases. As noted previously in studies using caloric
restriction, lower fat content in rodent diets may help prevent UD.

Abbreviations: B6, C57BL/6]; TEM, transmission electron microscopy; UD, ulcerative dermatitis
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diets appear to exacerbate the condition.???5051.5361 The highest
UD incidence is reported in mice older than 1 y, with inconsist-
ent predilection for female mice.”®! Several different treatment
options have been proposed, but none have proven to be 100%
effective.1:21829,40,44,46,63

To study the possible role of diet in UD, we compared skin
changes in B6 mice fed a high-fat diet with those of mice fed a
control diet. In addition, skin samples from B6 mice with no,
mild, moderate, and advanced clinical signs of UD were exam-
ined by light and transmission electron microscopy (TEM) in an
effort to better characterize the various stages of the disease, its
pathogenesis, and its possible etiology.

Materials and Methods
Animals. Mice were housed at the National Institute of
Allergy and Infectious Diseases, National Institutes of Health,
an AAALAC-accredited barrier facility, as part of several
TACUC-approved experimental protocols. The mice were cared
for according to the Guide for the Care and Use of Laboratory Ani-
mals® and Animal Welfare Regulations.” Husbandry included

Introduction

C57BL /6 (B6) mice are one of the most common mouse strains
used in biomedical research. Unfortunately, this valuable strain
and others maintained on this background frequently are af-
fected by ulcerative dermatitis (UD), a condition characterized
by skin erosions that typically are located in the interscapular
area but can affect any part of the body.504046 UD usually is
accompanied by intense pruritus which leads to self-mutilation
resulting in the animal being removed early from study and,
in many cases, euthanized due to poor response to treat-
ment.>30384062 In addition, UD produces reactive immune
modulation that can confound research results.!>?° The etiology
of UD remains unknown but is suspected to be multifactorial
with a genetic predisposition and secondary to a variety of
conditions including mite infestation, staphylococcal infection,
immune complex vasculitis, vitamin A toxicity, and behavioral
and environmental factors.>41638404954-57.62 Calorie-restricted
diets have long been noted to reduce UD incidence while high-fat
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the use of ventilated microisolators (Lab Products, Seaford,
DE) as sterile cage setups with autoclaved hardwood bedding
(SaniChip, Harlan Teklad, Madison, WI) and with autoclaved
food (our standard feed; LabDiet Verified 75 IF/ Auto Ext Mod
5V0T, LabDiet, St Louis, MO) and acidified drinking water pro-
vided ad libitum. Room temperature was maintained between
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20.0 and 23.3°C, relative humidity between 30% and 50%, and
light on a 14:10-hr light:dark cycle (lights on from 0600 to 2000).
Sentinel mice were tested quarterly for excluded rodent patho-
gens including mouse hepatitis virus, pneumonia virus of mice,
Sendai virus, Theiler murine encephalomyelitis virus, mouse
rotavirus, lymphocytic choriomeningitis virus, ectromelia virus,
mouse cytomegalovirus, minute virus of mice, polyoma virus,
reovirus 3, mouse adenovirus, rodent parvoviruses, Mycoplasma
pulmonis, and cilia-associated respiratory bacillus. Hantavirus
testing was done once a year, and endoparasite and ectoparasite
examinations were performed every 6 wk. Mouse norovirus and
Helicobacter spp. were not excluded from the colony, and so all
mice were considered potentially infected with these agents.
Euthanasia was performed by using CO, overdose consistent
with the American Veterinary Medical Association guidelines
on euthanasia.?

Diet study. Research-naive and dermatitis-free female
C57BL/6] mice (age, 2 mo) were fed a commercial, high-fat
rodent diet (D12492, Research Diets, New Brunswick, NJ) or
a control diet (D12450], Research Diets) for 2 mo (8 mice per
group) or 10 mo (9 mice on high-fat diet and 5 mice on control
diet) as part of an JACUC-approved study. The mice were
then euthanized, and dorsal interscapular skin samples were
collected, fixed in 10% neutral-buffered formalin, embedded
in paraffin, sectioned at 5 um, and stained for light micros-
copy examination with hematoxylin and eosin, Giemsa, and
toluidine blue using routine methods. The skin sections were
evaluated for morphologic changes and inflammation. Total and
degranulating mast cells were counted in 5 randomly selected
high-power fields (magnification, x400) per section.

Light microscopy and TEM. Research-naive adult female
C57BL/6] mice (n = 28) were euthanized, and skin samples
were collected; 14 mice had clinical signs of dermatitis, found
during daily rounds by health technicians, and 14 had no gross
skin lesions. The ages of the mice ranged between 81 and 247
d. The mice had been fed either a standard diet (5VOT, Verified
75 IF/ Auto Ext Mod, LabDiet, St Louis, MO; n = 5), a high-fat
diet (D12492, Research Diets; n = 9), or a control diet (D12450],
Research Diets; n = 14). The skin lesions were categorized by
the attending veterinarian based on the character and size of
the lesion as mild (single excoriation or crust, 5 mm or less in
diameter), moderate (multiple or coalescing crusts expanding
more than 5 mm but less than 2 cm in diameter), or severe (sin-
gle or multifocal erosions or ulcerations affecting an area 2 cm
or more in diameter or effacing several skin layers). Of the 14
mice with clinical dermatitis, 4 were categorized as mild, 6 as
moderate, and 4 as severe. Mice fed the standard diet had one
mild, one moderate, and one severe UD case; mice on high-fat
diet had 4 moderate and 2 severe UD cases; and mice fed the
control diet had 3 mild, one moderate, and one severe UD case.
All mice with moderate UD were at least 4 mo old, and those
with severe UD were at least 6 mo of age. Only skin lesions af-
fecting the nape of neck, interscapular region, or dorsum were
collected; skin lesions affecting other areas of the body were not
used in this study to avoid including lesions caused by excessive
grooming or fighting or ear tag allergy.%”

Samples were fixed in 10% neutral-buffered formalin and
processed for light microscopy as described earlier. Skin samples
from 4 selected cases were fixed in 2% glutaraldehyde and 1%
paraformaldehyde and processed for TEM examination. The
fixed skin samples were washed with 0.1 M cacodylate buffer
(pH 7.4), fixed with 1% OsO,, washed again with cacodylate
buffer, washed with water, and placed in 1% uranyl acetate
for 1 h. The tissues were subsequently serially dehydrated

in ethanol and propylene oxide and embedded in resin (EM-
Bed 812, Electron Microscopy Sciences, Hatfield, PA). Thin
sections, approximately 80 nm, were obtained by using an ul-
tramicrotome (Ultracut-UCT, Leica, Deerfield, IL), placed onto
300-mesh copper grids, stained with saturated uranyl acetate
in 50% methanol, and then stained with lead citrate. The grids
were viewed on an electron microscope (JEM-1200EXII, JEOL,
Tokyo, Japan) at 80 kV, and images were recorded by using a
midmounted 10.5 MP CCD camera (XR611M, Advanced Mi-
croscopy Techniques, Danvers, MA).

Statistical analysis. Comparisons between diet groups were
conducted by using 2 sample ¢ tests. The binomial likelihood
ratio statistic was used to analyze the ratio of degranulating
cells. Due to the variable cluster size of cells, the permutation
method was used to evaluate the significance between the
ages of 2 and 10 months. All calculations were done by using
the statistical software package R (version 4.1.3; R Core Team,
Vienna, Austria).

Results

Diet study. None of the mice in the high-fat or control diet
groups developed gross skin lesions. Microscopically, the epi-
dermis was 1 or 2 cell layers consisting of stratum basale (basal
cell layer) with occasional desquamation of epithelial cells. The
dermis, composed of fibroblasts (and variable number of mast
cells) separated by dermal collagen, supports adnexal structures
(thatis, hair follicles, sebaceous glands), blood vessels, arrector
pili muscle, and peripheral nerves overlying the panniculus
adiposus and panniculus carnosus (striated muscle). Mice fed
the high-fat diet for 2 or 10 mo had similar numbers of dermal
mast cells as the controls (2 mo: average, 43 cells compared with
36 cells [P = 0.13]; 10 mo: average, 95 cells compared with 59
cells [P = 0.12]; Figure 1; Tables 1 through 4). The mean ratio of
degranulating mast cells per total mast cells was significantly
higher in mice fed a high-fat diet for 2 mo (0.587) compared with
mice fed the control diet for 2 mo (0.24; P = 0.0015; Figure 2).
However, the mast cell degranulation ratio of mice fed the
high-fat feed for 10 mo (0.733) was similar to that of mice
fed the control diet for 10 mo (0.633; P = 0.1033; Figure 2).
When we compared mice fed the control diet, older mice had
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Figure 1. Number of skin mast cells in mice fed the control diet (C) or
high-fat diet (D) for 2 or 10 mo. Empty dots represent outliers.
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Table 1. Skin mast cells in mice fed control diet for 2 mo

Diet, age, and ulcerative dermatitis in female C57BL/6] mice

Table 4. Skin mast cells in mice fed high-fat diet for 10 mo

Mast cells Mast cells
Mouse Total no. No. degranulating % degranulating Mouse Total no. No. degranulating % degranulating
1 33 4 12 1 63 51 81
2 18 4 22 2 124 97 78
3 34 10 29 3 50 38 76
4 41 8 19 4 112 83 74
5 53 7 13 5 48 37 77
6 38 18 47 6 36 25 69
7 32 3 9 7 93 59 63
8 41 16 39 8 228 185 81
Overall 290(X =36.25) 70 (X =8.75) 24 9 97 58 60
Cells in 5 randomly selected high-power fields (magnification, 400x) Overall 851 (x=94.56) 633 (x=70.33) 74

were counted per section.

Table 2. Skin mast cells in mice fed high-fat diet for 2 mo

Mast cells
Mouse Total no. No. degranulating % degranulating
1 52 18 35
2 44 17 39
3 34 23 68
4 48 29 60
5 44 25 57
6 37 28 76
7 38 25 66
8 47 33 70
Overall 344 (X=43.00) 198 (X =24.75) 58

Cells in 5 randomly selected high-power fields (magnification, 400x)
were counted per section.

Table 3. Skin mast cells in mice fed control diet for 10 mo

Mast cells
Mouse Total no. No. degranulating % degranulating
1 60 31 52
2 72 46 64
3 36 23 64
4 58 46 79
5 71 41 58
Overall 297 (X=59.40) 187 (x=37.40) 63

Cells in 5 randomly selected high-power fields (magnification, 400x)
were counted per section.

significantly more skin mast cells (average, 59 cells) than
younger mice (average, 36 cells; P = 0.0186; Figure 1). Likewise,
among mice fed the high-fat diet, older mice had significantly
more skin mast cells (average, 95 cells) than younger mice (av-
erage, 43; P = 0.03; Figure 1). The mean ratio of degranulating
cells per total mast cells in mice fed the control diet fed for 10
mo was significantly higher than for mice fed the control diet
for 2 mo (0.633 compared with 0.240; P < 0.001; Figure 2). The
mean ratio of degranulating cells per total mast cells in mice
fed the high-fat diet for 10 mo was significantly higher than in
mice fed the high-fat diet for 2 mo (0.734 compared with 0.587;
P =0.03; Figure 2).

The mean ratio of degranulating mast cells per total mast cells
in mice fed the control diet for 2 mo was divided by the mean
ratio in mice fed the high-fat diet for 2 mo, resulting in a ratio of

Cells in 5 randomly selected high-power fields (magnification, 400x)
were counted per section.
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Figure 2. Mean ratio of degranulating mast cells per total mast cells in
mice fed the control diet (C) or high-fat diet (D) for 2 or 10 mo. Empty
dots represnt outliers.

ratios value of 0.410. At 10 mo, the mean ratio of degranulating
per total mast cells in mice fed the control diet was divided by
the mean ratio in mice fed high-fat diet, resulting in a ratio of
ratios value of 0.863. When we compared both ratio of ratios
(0.410 compared with 0.863), we found a significant difference
(P <0.001) between the 2, such that older mice had a larger ratio
of ratios of degranulating mast cells, and younger mice had a
larger change of ratios (ratio between control and high fat diet)
compared with the older group (Figure 2). Older mice had more
skin mast cells and more were degranulating as compared with
younger mice (Figure 3 A through F).

All skin samples from mice fed the high-fat diet for 2 mo
floated when placed in fixative, whereas skin samples from mice
fed the control diet sank to the bottom of the jar. Skin samples
from older mice, regardless of diet, floated when placed in fixa-
tive. On histologic examination, older mice had a thicker layer of
subcutaneous adipose tissue, with larger diameter adipocytes,
than did younger mice (Figure 3 A and C). Sebaceous glands in
older mice, particularly among those fed the high fat diet, were
also larger than in younger mice. Three mice fed the high-fat
diet for 10 mo showed multifocal epidermal hyperplasia with
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Figure 3. (A) Mouse, skin. Mouse fed control diet for 2 mo showing a 1- to 2-cell-layer epidermis, with a thin surface keratin layer and the
dermis containing fibroblasts, collagen fibers, mast cells, hair follicles, sebaceous glands (*), small blood vessels, peripheral nerves, adipocytes
(a), arrector pili muscle, and a skeletal muscle, the panniculus carnosus (pc). Hematoxylin and eosin stain; magnification, 100x. (B) Mouse, skin.
Mouse fed control diet for 2 mo. showing a few dermal mast cells (cells stained dark blue) with very few degranulating. Toluidine blue stain;
magnification, 100x. (C) Mouse, skin. Mouse fed high-fat diet for 10 mo, showing epidermal hyperplasia, increased number of dermal mast
cells and larger adipocytes (a) and sebaceous glands (*) compared with younger mice on control diet (panel A). Hematoxylin and eosin stain;
magnification, 100x. (D) Mouse, skin. Mouse fed high-fat diet for 10 mo, showing an increase in dermal mast cells (cells stained dark blue),
many of them degranulating, compared with young mice on control diet (panel B). Toluidine blue stain; magnification, 100x. (E) Mouse, skin.
Mouse fed high-fat diet for 10 mo, showing epidermal hyperplasia with hyperkeratosis, dermal thickening and fibrosis, and increased mast cell
degranulation compared with younger mice on control diet (panel A). Hematoxylin and eosin stain; magnification, 100x. (F) Mouse, skin. Mouse
fed high-fat diet for 10 mo, showing significantly more dermal mast cells (cells stained dark blue), many of them degranulating, compared with

young mice on control diet (panel B). Toluidine blue stain; magnification, 100x.

or without mild hyperkeratosis; this change was not observed
in any of the mice in the other groups (Figure 3 C and E).
Light microscopy. Histologic examination showed that,
among the 14 mice with no gross skin abnormalities, 5 (36%)
had noteworthy changes. These very early skin lesions were in
superficial and deep layers of the dermis and were character-
ized by focal areas of epidermal hyperplasia, sometimes with
parakeratotic to orthokeratotic hyperkeratosis, and by more
mast cells, many of them degranulating, as was seen in some
of the mice on the high-fat diet study (Figure 3 E and F). As the
condition progressed, spongiosis of the epidermal basal cell
layer was evident and was accompanied by a mixed dermal
inflammatory cell infiltrate composed mainly of neutrophils
and lymphocytes but also with plasma cells and occasional
eosinophils with or without epidermal surface erosion and scab

formation (Figure 4 A and B). In affected areas, the majority of
the mast cells were degranulating. Dermal fibrosis and a mixed
inflammatory infiltrate increased with UD severity (Figure 4 B
and C). Keratinocyte mitotic figures were more common in
hyperplastic epidermal areas next to moderate to severe UD.
In a few cases, hair follicles were cystic in areas of severe
inflammation, but hair follicles in adjacent dermis were normal.
No vascular or sebaceous gland lesions were noted. Advanced
cases showed large areas of epidermal serocellular crusts, with
hyperkeratosis, large areas of ulceration or both, with extension
into the deep dermis. Within the affected dermis, numerous
reactive fibroblasts (that s, fibroplasia) and small-caliber vessels
were effacing and replacing adnexal structures and extending
through the panniculus carnosus in some areas. The small-
caliber vessels were often oriented perpendicular to the ulcerated
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Figure 4. (A) Mouse, skin. Mild UD characterized by epidermal hyperplasia and ulceration with thin serocellular crust formation and mild
dermal inflammatory infiltrate. Hematoxylin and eosin stain; magnification, 200x. (B) Mouse, skin. Moderate case of UD with epidermal hy-
perplasia, ulceration, and an extensive inflammatory infiltrate, composed mainly of neutrophils and mast cells. Hematoxylin and eosin stain;
magnification, 200x. (C) Mouse, skin. Low-power image showing severe UD with a large area of epidermal full thickness ulceration with
marked inflammatory infiltrate, extensive fibroplasia, and granulation tissue that effaces and replaces adnexal structures and extends into the
deep dermis and through the panniculus carnosus (pc). Hematoxylin and eosin stain; magnification, 40x. (D) Mouse, skin. Same section as panel
C but at higher magnification showing the inflammation and granulation tissue extending past the panniculus carnosus (pc). Hematoxylin and
eosin stain; magnification, 100x. (E) Mouse, skin. Section showing epidermal ulceration with large numbers of degranulating dermal mast cells
(mast cell granules are stained deep purple). Histologically normal adnexal structures are still present. Giemsa stain; magnification, 200x. (F)
Mouse, skin. Same section as panel C showing extensive granulation tissue with no visible mast cells across the section as evidenced by absence
of mast cell granule staining. Giemsa stain; magnification, 200x magnification.

surface (consistent with granulation tissue) and were admixed
with the previously described mixed inflammatory infiltrate
(Figure 4 C through F). Acanthosis and hyperkeratosis were
common adjacent to ulcerated areas. No microscopic evidence
of bacterial, mycotic, viral, or parasitic infection was noted in
these tissues under light microscopy.

TEM. As with light microscopy, TEM revealed that the epi-
dermis in nonaffected areas was 1 or 2 cells in thickness, with
a basal cell layer and a thin surface horny cell layer. Stacking
of keratinocytes for up to 4 or 5 layers (mild epidermal
hyperplasia), often with 2 or 3 prominent nucleoli in cells,
was a very early finding (Figure 5 A through C). In addition,
mild intercellular edema (spongiosis) evidenced by increased
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Figure 5. (A) Mouse, skin. Mouse with no dermatitis showing 2- to 3-cell-layer epidermis with a thin surface keratin layer and the dermis
composed of ground substance, collagen bundles, and a fibroblast. Uranyl acetate and lead citrate stain; magnification, 1200x. (B) Mouse, skin.
Early subclinical dermatitis characterized by epidermal hyperplasia. Uranyl acetate and lead citrate stain; magnification, 1400x. (C) Mouse, skin.
Early subclinical dermatitis characterized by epidermal hyperplasia with basal keratinocytes containing multiple nucleoli and mild separation
of the intercellular gaps by edema. Uranyl acetate and lead citrate stain; magnification, 1200x. (D) Mouse, dermis. Normal dermis showing
resting mast cells containing numerous electron-dense granules, fibroblasts, collagen fibers, skeletal muscle (m), and lipid globule (asterisk).
Uranyl acetate and lead citrate stain; magnification, 1000x magnification. (E) Mouse, dermis. Multiple sebocytes, as part of a normal sebaceous
gland, containing cytoplasmic lipid droplets. Uranyl acetate and lead citrate stain; magnification, 2000x. (F) Mouse, dermis. Normal small blood
vessel (asterisk) between adipocytes (a). Note the adipocyte thin cell membrane. Uranyl acetate and lead citrate stain; magnification, 1000x.
(G) Mouse, dermis. Cross section of a normal peripheral nerve showing Schwann cells (s), unmyelinated axons (a), and myelinated axons (m).
Uranyl acetate and lead citrate stain; magnification, 4800x. (H) Mouse, dermis. Normal resting mast cell surrounded by ground substance (g)
and collagen bundles (*). Uranyl acetate and lead citrate stain; magnification, 3000x. (I) Mouse, dermis, mild UD. Activated mast cell showing
a few extruded granules becoming less electron dense as they swell and dissolve (white *). Uranyl acetate and lead citrate stain; magnification,
2000x. (J) Mouse, dermis, moderate UD. Actively degranulating mast cell surrounded by collagen bundles (*) and ground substance (g). Note
an adipocyte nucleus on lower right corner. Uranyl acetate and lead citrate stain; magnification, 2500x.
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Figure 6. (A) Mouse, dermis, moderate UD. A completely degranulated mast cell (m) next to a myelinated peripheral nerve (pn). Uranyl acetate
and lead citrate stain; magnification, 2000x. (B) Mouse, dermis, moderate UD. Completely degranulated mast cell (m) surrounded by large amounts
of collagen (asterisk) and next to a neutrophil (n) and fibroblast (f). Note the fine fibroblast cytoplasmic extensions. Uranyl acetate and lead citrate
stain; magnification,1500x. (C) Mouse, dermis, moderate UD. Active neutrophil (n) and lymphocytes (I). Uranyl acetate and lead citrate stain;
magnification, 1500x. (D) Mouse, dermis, moderate UD. Degranulated mast cell (m) next to a small blood vessel containing red blood cells (r) and
metabolically active vascular endothelial cells (e). Note a lipid globule next to the blood vessel (1). Uranyl acetate and lead citrate stain; magnifica-
tion, 1200x. (E) Mouse, dermis, severe UD. Small blood vessel showing pericyte (p) contraction with marked organelle swelling (*). Endothelial cells
(e) appear to be protruding into the vascular lumen, possibly an effect of the section. Note intraluminal red blood cells (r), a neutrophil (n), a platelet
(p)), and a phagocytic histiocyte (h) apparently attached to the vascular endothelium. Uranyl acetate and lead citrate stain; magnification, 1200x.
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separation between keratinocytes, was also a consistent finding,
particularly in the stratum basale (Figure 5 C). In the dermis
of very early cases, no significant ultrastructural findings were
associated with resident dermal cells (that is, fibroblasts, adipo-
cytes), cells of the pilosebaceous unit (for example, hair follicles,
sebaceous glands), supporting structures (for example, blood
vessels, peripheral nerves, skeletal muscle), and the surround-
ing collagen and ground substance (Figure 5 D through H).
However, the numbers of mast cells were slightly elevated,
with many of them degranulating (Figures 5l and ] and 6 A).
Consistent with light microscopy findings, in more advanced
stages, infiltrating inflammatory cells, mainly neutrophils,
lymphocytes, and occasional plasma cells and histiocytes were
seen in the dermis (Figure 6 B and C), with significant amounts
of cell debris and fragmented collagen fibrils (suggestive of col-
lagen lysis), especially in ulcerated areas. Elevated numbers of
degranulating mast cells were also seen and were commonly
found close to small blood vessels and nerves (Figure 6 Aand D).
Mast cell membranes were disrupted by fusion of the granule
and plasma membranes, with lysis resulting in the release of
numerous electron-dense intact granules into the extracel-
lular space. Extruded granules were swollen and became less
electron-dense as they appeared to dissolve. After complete
degranulation, the mast cells contained isolated and coalescing
empty spaces as result of granule membrane fusion (Figure 6 A
and B). Vascular lesions characterized by pericyte contraction
with marked organelle swelling (Figure 6 E) were occasionally
seen in the most affected areas. No parasitic, bacterial, mycotic,
or viral agents were noted in the examined skin samples, nor
were cryoglobulins crystals or other cell inclusions observed.

Discussion

The earliest reference to dermatitis in C57BL/6 mice appears
to be in 1954 when an investigator reported on pyridoxine de-
ficiency studies: “with chronic deficiency, C57BL developed a
dermatitis not seen in other strains.”!” Since then, many reports
have described UD in B6 mice associated with a variety of
conditions, but high-fat diets have consistently been associated
with a greater incidence of UD, whereas calorie-restricted diets
are reported to reduce the incidence.”??0515361 The condition
is common in B6 mice, responds poorly to treatment, and has
an undefined etiology and poorly understood pathogenesis. To
study the possible role of diet in UD, we compared skin changes
in B6 mice fed a high-fat diet with those of mice fed a control
diet. In addition, we examined skin samples from B6 mice with
no, mild, moderate, and severe clinical signs of UD by light mi-
croscopy and TEM in an effort to better characterize the various
stages of the disease, its pathogenesis, and its possible etiology.

Our findings from both light microscopy and TEM suggest
that the initial changes leading to UD in C57BL/6] female mice
were characterized by an increase in intact and degranulating
dermal mast cells followed by epidermal hyperplasia. Ulcera-
tion appears to occur very quickly, probably as result of intense
scratching due to the pruritogenic properties of the histamine
released from mast cell granules.!? Histamine may also be
responsible for the epidermal hyperplasia noted in some mice
without skin ulceration, because histamine has been shown
to stimulate keratinocyte proliferation.3?? Histamine dilates
postcapillary venules, activates the endothelium, and promotes
blood vessel permeability, leading to local edema, warmth, red-
ness, and the influx of other inflammatory cells to the site of
release.'?3! Histamine also depolarizes nerve endings, leading to
itching or pain.!3® In addition to histamine, mast cell granules
can also contain or produce serotonin, heparin, prostaglandins,

and leukotrienes as well as mast cell-specific enzymes, includ-
ing chymases, tryptases, and carboxypeptidase A, and several
pro- and anti-inflammatory cytokines, including TNFa and
IL6.233! Furthermore, mast cells produce and release type 2
cytokines, including IL4, IL13, thymic stromal lymphopoietin,
periostin, IL25, IL31, and IL33.1521.3248 Histamine released from
mast cells reacts with skin nerve fibers, leading to induction of
itch, and activates them to release neuropeptides (e.g., substance
P), which in turn elicit the release of histamine and other pro-
inflammatory substances from mast cells and leukotriene B4
from keratinocytes and perpetuate the itch-scratch cycle.**
Scratching also promotes keratinocyte release of proinflam-
matory cytokines, chemokines, and antimicrobial peptides that
promote T cell and innate immune cell infiltration 2021414864
More specifically, in response to scratch injury, keratinocytes
produce and release CXC-motif chemokine ligand 8 (CXCLS)
and CC-motif chemokine ligand 20 (CCL20), which are potent
chemoattractants for neutrophils and IL17A-producing immune
cells, respectively.?’ This mechanism is consistent with previ-
ous studies of UD in B6 mice that have shown neutrophils and
mast cells as the predominant inflammatory cells in skin lesions,
together with elevations in IL6, TNFa, IL1f, and keratinocyte-
derived cytokine.>152930384062 TL6 induces the infiltration of
mononuclear cells and is believed to be important in ongoing
chronic skin irritation, whereas TNFa upregulates proinflam-
matory cytokines and adhesion molecules on keratinocytes
and vascular endothelial cells, facilitating the migration and
adhesion of inflammatory cells in the epidermis.3* Keratino-
cyte-derived cytokine, also known as CXCL1, contributes to
neutrophil chemotaxis and activation,?’ whereas IL.25, produced
by mast cells and nonimmune cells in the skin, stimulates der-
mal dendritic cells to produce IL1p, contributing to activation
and enhancement of a Th17 cell-mediated response.>® As noted
previously by others, the changes in cytokine content in B6 mice
with UD are consistent with the Th2 and Th17 differentiation
seen in humans with atopic dermatitis.'>?

The apparent reduction in the number of mast cells in severe
UD cases may indicate that most of the mast cells in the affected
area had already degranulated and were difficult to distinguish
from other mononuclear inflammatory cells by light microscopy.
Mast cell identification by light microscopy is based on the
characteristic staining properties of their cytoplasmic granules,
which is lost once the mast cell is completely degranulated.
Some mice had areas of alopecia. but these were not correlated
with dermatitis or hair shaft abnormalities on microscopic
examination. Cases of severe UD may heal with extensive scar-
ring due to fibroplasia and fibrosis replacing normal dermal
structures which, depending on location, may interfere with the
animal’s ambulation due to tissue contraction. Further support-
ing the role of mast cells in UD, reports of treatments with some
success all to some degree attenuate mast cell degranulation or
modulate pathways that cause mast cell activation or inhibit the
itch-scratch cycle. For example, vitamin E and mineral dietary
supplementation with calcium both attenuate mast cell activa-
tion.?4%°> Maropitant citrate dampens the itch-scratch cycle and
appears to have anti-inflammatory effects.®’ Ibuprofen reduces
inflammation and pain but also relieves pruritus in patients with
mast cell activation syndrome,?® and highly diluted sodium
hypochlorite is used as an antiseptic in wound care but also
induces various cellular pathways that contribute to attenua-
tion of the inflammatory response and lessening of itching.®
Nail trimming may blunt damage from scratching that results
in keratinocyte release of proinflammatory mediators and
thus limit further trauma to the skin; this action may promote
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healing in mice with UD.??148 However, most treatments are
applied when UD is noted clinically, which occurs after other
inflammatory cells, apart from mast cells, already are engaged
and actively contributing to UD. Some reports suggest that
female B6 mice are more prone to UD than are males; a pos-
sible explanation for this difference is that testosterone leads
to the expression of mast cell IL33, activation of type 2 innate
lymphoid cells, and priming of Th2 cell responses.'? Females
do not express the threshold level of testosterone needed to
activate the Th2 pathway, resulting in a predominantly more
pathogenic Th17 cell response. As testosterone levels fall with
age in males, so does mast cell IL33 expression and reversion to
a predominantly Th17 response,'? thus perhaps explaining in
part why UD incidence increases with age in B6 males.

Several studies have shown that high-fat diets may exacerbate
UD in B6 mice, whereas low-calorie and restricted diets may
lower the incidence.®??50515361 Our study suggests that high-
fat diets may exacerbate UD by causing an increase in the total
number and number of degranulating mast cells in the dermis,
which promotes epidermal hyperplasia and scratching; this
effect in turn activates keratinocytes to produce and release
proinflammatory cytokines, chemokines, and antimicrobial
peptides attracting inflammatory cells. The intense scratching
results in trauma to the skin with consequent ulceration, which
further attracts inflammatory cells and may allow secondary
bacterial infections, most commonly Staphylococcus xylosus.

The mechanism by which high-fat diets cause an increase in
dermal mast cells and degranulation ratio may be associated
with the type and amount of essential fatty acids in commercial
rodent diets. The suggested optimal n-6:n-3 fatty acid ratio for
rodent diets is between 1 and 6.1142 The American Institute of
Nutrition Ad Hoc Writing Committee on the Reformulation of the
AIN-76A Rodent Diet recommends an n-6:n-3 ratio of no more
than 7.2 However, due to the common use of vegetable oils as
sole source of dietary fat, many commercial rodent diets have a
higher n-6:n-3 ratio, with even higher ratios in Western-type diets
and high-fat, high-cholesterol diets. In our study, the high-fat
diet had a n-6:n-3 ratio of 13.9 and the control diet had a n-6:n-3
ratio of 8.4, both of which are well above the American Institute
of Nutrition recommended levels.? High consumption of long-
chain fatty acids of the omega-6 family by humans is a risk factor
for allergic diseases, including atopic dermatitis.??® An imbalance
between n-6 and n-3 fatty acids is assumed to increase produc-
tion of proinflammatory mediators and to shift toward a Th2 and
Th17 response.®® In addition, high levels of n-6 polyunsaturated
fatty acids promote mast cell degranulation.?>?28 Because most
UD treatments do not involve a change in diet, this feature may
underlie the partial response reported in the literature for different
treatments, given, that the stimuli for the mast cell degranulation
persist.l1827-29354044,4663 [ addition, as B6 mice accumulate sub-
cutaneous fat, white adipocytes become larger; this change may be
accompanied by insufficient vascularization and oxygen supply,
leading to oxidative stress and hypoxia-induced inflammation
in the adipose tissue.*” Furthermore, adipose tissue produces IL6
and TNFa, which promote Th17 cell differentiation.!32645
Mast cells and Th17 cells present in adipose tissue increase in
number during the course of obesity.!**® Together with fatty
acids and products derived from adipocyte cell death, inflam-
matory cytokines and chemokines promote the accumulation
and activation of inflammatory cells in adipose tissue, leading to
inflammation of adipose tissue.!>?64> Therefore, inflammation of
adipose tissue may contribute to UD in obese B6 mice.

Our study showed that a high-fat diet is associated with mast
cell degranulation in female B6 mice. In addition, total skin

Diet, age, and ulcerative dermatitis in female C57BL/6] mice

mast cell numbers and degranulation rates increase with age in
female B6 mice regardless of diet. A limitation of our study was
the use of only female B6 mice. We used this strain because it is
one of the most commonly used across research institutions and
because studies report that females are more commonly affected
by UD than are males.%®! In addition, females are reported to
develop UD at an earlier age than males; this propensity was
useful because we were not able to perform a long-term study.®!
A similar study using both sexes for a longer duration could
help to more clearly define UD etiopathogenesis in both sexes.

In summary, our findings suggest mast cell degranulation
is the initiating event leading to UD in B6 female mice, and
treatments directed at preventing mast cell degranulation may
result in better outcomes when applied early in UD cases. In
addition, a direct correlation links dietary fat and skin mast cell
degranulation, with total skin mast cell numbers and degranu-
lation rates increasing with age in female C57BL/6] mice. As
noted previously in studies using caloric restriction, a lower
fat content in rodent diets may help to prevent UD in B6 mice.
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