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A major component of burn injury is caused by additional local
damage from acute inflammation. Using a scald burn model in
mice, we find that this part of the injury is dependent on recog-
nition of self-antigen by specific natural IgM, leading to activation
of the complement system. We propose that the depth of a burn
wound is a sum of the thermal energy applied and of the degree
of host inflammatory response.

complement � natural IgM � trauma � wound physiology

W ith �2 million patients in the United States seeking care
for burns each year, the limited repertoire of therapies

that reduce burn wound depth represents a significant contrib-
utor to deformity and death in burned patients. Of these 2
million, 20% require hospitalization, and as many as 7,000 die
because of burn injury complications (1). The difference be-
tween a superficial second-degree burn, where tissue loss does
not extend to the deepest projection of the hair follicles, and a
deep second-degree burn, where tissue loss extends deeper than
the skin appendages (but still within the dermis), is crucial
clinically. Superficial second-degree burns heal without scarring,
as the skin is repopulated from epithelium in the hair follicles.
A deep second-degree burn usually requires skin grafting and
heals with deforming and disabling scars, just as if it had been a
third-degree or full-thickness burn. Smaller area burns can
develop a tenuous epidermal layer; larger burns ulcerate. The
ability to restrict the progression of thermal injury by even 1 mm
to prevent extension beyond the hair follicles would be an
important therapeutic advance. Amplification of burn injury
depth has been attributed to the acute inflammatory response
that follows wounding. Studies in man (2) and animal models of
burn (3–7) identify activation of neutrophils as one component
of this inflammatory response. Indeed, the limited reduction in
burn depth accomplished in patients in a phase II clinical trial
using an antibody to the adhesion receptor intercellular adhesion
molecule 1 (ICAM-1) supports potential benefit of reducing
burn wound inflammation (8).

Results
To examine the early events of inflammation in cutaneous burn
injury, a scald burn wound model was developed in various
strains of mutant mice. The standard scalding condition (54°C
for 25 sec) was selected after an initial titration to produce a
wound of moderate severity that heals with ulceration and
wound contracture. Because mice rapidly heal a deep second- or
third-degree burn by scar contraction, we tracked the wound size
by tattooing the corners of the original wound with serial
photography for wound size, shape, and presence/absence of
hair. No burns that healed by contracture ever regrew hair or
re-epithelialized.

To determine whether the complement system was involved in
the amplification of burn depth, mice deficient in complement
component C4 (C4�/�) were compared with parental strain
C57BL/6 in the scald burn model. As expected, the wounds on
C57BL/6 mice healed by contracture with scarring and hair loss
(Fig. 1 Ai–Aiv). Furthermore, the site of burn on these mice

demonstrated a pronounced inflammatory response as seen by the
histology of the wounds on day 2 with the presence of an infiltrate
across the surface of the wound (Fig. 1 Ai and D). By contrast, the
site of burn injury on C4�/� mice healed without contracture,
scarring, hair loss, or appreciable infiltration of neutrophils (Fig. 1
Av–Aviii). To further test the importance of an intact complement
pathway in burn injury, C57BL/6 mice were pretreated with a
complement inhibitor, sCR1. This approach transiently blocks
activation of the complement system at the C3 cleavage step (9).
Notably, burn injury was negligible in sCR1-treated mice. Thus, in
the absence of complement activation, the severity of the burn
wound was dramatically reduced (Fig. 1 Bv–Bviii and D).

The finding that C4 was a factor in determining the final depth
of the burn wound suggested that either the classical or the lectin
pathways of complement activation were the initiators of inflam-
mation (10–13), both of which can be activated by antibody. To
determine whether antibody triggered this complement activation
following burn, mice (RAG1�/�) totally deficient in Ig were
subjected to scalding as above. Significantly, RAG1�/� mice were
protected from scarring and ulceration to the same degree as that
observed in C4�/� mice (Fig. 1 Aix–Axii). Thus, Ig is important in
induction of injury. Reconstitution of the Ig-deficient mice i.v. with
either IgM or IgG (400 �g of each) identified IgM as the active
antibody fraction in this model (Fig. 1C). Together, these findings
suggest that this postburn inflammation might be mediated by the
same pathway that had been identified in ischemia and reperfusion
(IR) injury (9, 12, 14). Ischemia with reperfusion represents a
general pathologic condition in which restoration of blood flow to
hypoxic tissue leads to acute, severe inflammation (15). Although
the precise mechanism for IR injury is unknown, studies in man
(16), rodents (9, 12, 17–23), and pigs (24) support a critical role for
the complement system. One current hypothesis is that the com-
plement system is activated by IgM deposited in the injured tissues,
following the expression of neoepitopes on ischemic tissue for which
circulating natural IgM has specificity (25). One specific clone of
natural IgM that mediates IR injury in murine intestinal and
skeletal muscle models is known to be IgMCM-22 (25). To determine
whether it also was involved in the evolution of burns, RAG1�/�

mice were reconstituted with IgMCM-22 (100 �g i.v.) before scalding.
The results indicated that this single clone restored the full extent
of thermal injury to RAG1�/� mice (Fig. 1 Axiii–Axvi; see also Fig.
1 C and D). Reconstitution of RAG1�/� mice with a murine natural
IgM clone of irrelevant specificity, IgMCM-75 (100 �g i.v.) before
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scalding did not restore any extent of thermal injury [see supporting
information (SI) Fig. 4]. Thus, as observed in IR injury, specific
natural IgM is required for the full evolution of a burn injury. This
finding that cutaneous burns induced a similar pathway to inflam-
mation as had been identified in IR injury suggested also that blood
flow might be reduced locally following thermal treatment, a
phenomenon also suggested by others (26–28).

Mice were analyzed by laser Doppler preburn and at various
time points postburn to visualize any changes in cutaneous burn
that accompany burn injury. The results indicated that within
minutes after injury, blood flow within the region is limited for
at least 2 h (Fig. 2). Further support for transient local ischemia
caused by burning was obtained by administration of a solution
of 1% Evans blue dye i.v. before scalding for monitoring of
capillary leakage at various time points. We observed an imme-
diate blanching of vessels underlying the region of burn with
leakage of dye into the surrounding tissues by 60 min postburn
(SI Fig. 5). Thus, scald burn appears to induce vasospasm of
blood vessels within the site of injury leading to a distinct period
of relative ischemia followed by capillary leak.

Recent studies in the intestinal model of IR injury identified
nonmuscle myosin heavy chain II (NMHC-II) as a self-antigen
target of IgMCM-22 in intestinal tissue (29). Significantly, pre-
treatment of WT mice with a synthetic peptide representing the
NMHC-II target (N2 peptide) or a mimotope of the natural
ligand before reperfusion gave full protection from IR injury in
both intestinal (29) and skeletal muscle (30) models. To test
whether similar treatment is protective in the cutaneous burn
model, N2 peptide at the optimal dose for IR injury (40 �M) was
administered to C57BL/6 mice at various time points before and
after scalding. As expected, mice administered only saline i.v.
preburn developed the full extent of injury (Fig. 1 Bi–Biv and D).
By contrast, mice administered N2 peptide i.v. preburn were
protected from injury and never developed scarring, contracture,
or ulceration (Fig. 1 Bix–Bxii and D). Postburn i.v. treatment with
peptide was protective 90 min after scalding but was not pro-
tective at earlier postburn time points, (5, 30, or 60 min). (Fig.
1E). This unusual timing of effective administration is supported
by the findings from laser Doppler (Fig. 2) that blood flow is
blocked immediately after burn. Peptide administered i.v. in
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Fig. 1. Acute inflammation following burn is dependent on specific natural IgM. (A) Shown are 1-cm2 scald burns in mice viewed over time with postburn day
2 histology. (ii and iii) Black arrows mark wound area on days 3 and 7 demonstrating wound ulceration and contraction. (i–iv) C57BL/6 mice. (v–viii) Complement
C4�/� mice. (ix–xii) RAG1�/� antibody-deficient mice. (xiii–xvi) RAG1�/� mice pretreated i.v. with the IgM clone that initiates reperfusion injury, CM22. (i, v, ix,
and xiii) Representative wound histologic sections where arrows indicate infiltration of leucocytes. (Magnification: �10.) (B) Shown are 1-cm2 scald wounds in
C57BL/6 mice pretreated with i.v. sCR1 (10 mg/kg, i.v.) complement inhibitor or N2 peptide (40 �M, i.v.) reperfusion injury inhibitor over time with postburn day
2 histology. (i–iv) C57BL/6 mice. (v–viii) Pretreated with sCR-1. (ix–xii) Pretreated with N2 peptide. (C) Residual wound area as the percentage of baseline vs. time
in mice after scalding. }, C57BL/6; ■ , RAG1�/� pretreated i.v. with C57BL/6 IgM; {, RAG1�/� pretreated i.v. with C57BL/6 IgG; F, RAG1�/� pretreated i.v. with CM22;
Œ, RAG1�/�; E, C57BL/6 pretreated i.v. with sCR-1; ‚, C57BL/6 pretreated i.v. with N2 peptide; �, C4�/� knockout mice. *, P � 0.01 for RAG1�/� and
sCR-1-pretreatments compared with untreated C57BL/6; P � 0.001 for C4�/� and N2 pretreated C57BL/6, and RAG1�/� pretreated with IgG, compared with
untreated C57BL/6. Bars portray SEM. (D) Area of inflammatory cell infiltrate in mice on day 2 after scalding (in millimeters). *, P � 0.01; **, P � 0.001, compared
with infiltrate in C57BL/6. C57, C57BL/6 mice; RAG-CM22, RAG1�/� pretreated with CM22; RAG, RAG1�/�; sCR1, C57BL/6 pretreated with sCR1; Peptide, C57BL/6
pretreated with N2 peptide. (E) Residual wound area vs. time in C57BL/6 treated i.v. with N2 peptide (40 �M) at various time points after scalding. {, No drug;
Œ, 5 min; F, 30 min; }, 60 min; ■ , 90 min. n � 6 for all groups. *, P � 0.01 compared with no drug.
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advance of wound perfusion by blood and pathogenic IgM may
have been degraded, allowing the pathogenic IgM to act without
impediment. Pretreatment of C57BL/6 mice with i.v. 40 �M
12-mer scrambled peptide had no effect on the evolution of the
burn (SI Fig. 6).

A consequence of a cutaneous burn is increased permeability
of the skin and dermis, allowing uptake of small molecules into
the area of potential injury. To determine whether topical
application of N2 peptide protected the animals from scalding,
40 �M N2 peptide (or saline control) was administered four
times to the site of thermal injury in C57BL/6 mice over a 60-min
period. Evaluation of mice at days 3 and 10 indicated full extent
of injury in mice given saline topically, as expected (Fig. 3 i and
ii). On the other hand, mice receiving optimal N2 peptide
topically during the immediate postburn period (Fig. 3 iii and iv)
did not develop injury, as had been the case for animals receiving
N2 peptide i.v. before burning (Fig. 1 Bix–Bxii and D). To
evaluate the optimal dose of N2 peptide applied topically,
C57BL/6 mice were given decreasing concentrations of N2 in a
range of 40 to 0.30 �M per cm2 over the first 60-min postburn
period. Analysis of injury based on wound contracture and
extent of ulceration demonstrated full protection from injury in
doses at �1 �M per cm2 (Fig. 3 i–x). At doses �1 �M, limited
ulceration and wound contracture was apparent, suggesting the
peptide had lost its protective effect (Fig. 3 xi–xiv). Thus, topical
administration of N2 peptide at a dose of as low as 1 �M per cm2

is sufficient to protect from inflammatory amplification of burn
injury.

Discussion
The deep scald burn is a serious health problem for which there
is no immediate cure. Studies in animal models indicate that
deep second-degree burns are potentially nonscarring in the

absence of inflammation and can heal spontaneously. However,
acute inflammation significantly amplifies injury, resulting in
extensive ulceration leading to wound contracture in mice or
permanent scarring in humans. Using a cutaneous scald burn
model in mice, we found that injury was mediated by a local
effect of a specific natural IgM with subsequent complement
activation and that injury can be blocked by pretreatment i.v.
with a complement inhibitor or a synthetic peptide (N2) with
sequence derived from nonmuscle myosin heavy chain, a se-
quence known to bind to the pathogenic IgM. Moreover, topical
administration of peptide doses as low as 1 �M/cm2 postburn is
sufficient to significantly limit acute inflammation and ensuing
wound ulceration and contracture.

Our results also identify an immediate diminution of blood
flow after burning, most likely due to intense vasospasm by
underlying vessels. Subsequent restoration of circulation and
induction of inflammation may explain the similarity of a deep
second-degree cutaneous burn to a reperfusion injury. Alterna-
tively, the properties of vasospasm and intense inflammatory
amplification could be a feature of all injuries, of which reper-
fusion and burns are common examples. Blocking of specific
natural IgM suggests a potential therapeutic approach for re-
ducing severe inflammation following burn. It is also the case
that vasospasm could be so profound in more severe burns that
reversal of these inflammatory mechanisms are unable to im-
prove the outcome.

Materials and Methods
Animals. C57BL/6 and RAG1�/� (on C57BL/6 background) mice
were purchased (The Jackson Laboratory, Bar Harbor, ME) and
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Fig. 2. Scald burn induces vasospasm and transient block of blood flow. (A)
Representative laser Doppler images from the entire dorsum of one C57BL/6
mouse followed sequentially after scald burn. The Doppler scan demonstrates
that the distribution of blood flow along the shaved dorsum is not uniform.
Red indicates presence of blood flow. The black box indicates the area of
scalding. There is hyperemia of the injury at 5 min postburn that then becomes
vasospasm with reduced blood flow. By 24 h, blood flow is returned to
baseline. (B) Plot of relative Doppler red cell flux measured from the 1-cm2
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Fig. 3. Scald burns in C57BL/6 mice viewed over time. Mice were treated
topically either with saline-soaked gauze or saline-soaked gauze with differ-
ing concentrations of N2 peptide. Application of N2 peptide topically is
protective. The peptide prevented scarring, ulceration, and contracture when
applied at a concentration range of 1–40 �M (iii–x), but protection was
reduced at concentrations �1 �M (xi–xiv). n � 3 mice per group.
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bred under specific pathogen-free conditions. C4�/� (on
C57BL/6 background) mice were supplied by the M.C.C. labo-
ratory (CBR Institute for Biomedical Research). Animals in this
study were maintained in accordance with the guidelines of the
Committee on Animals of Harvard Medical School and those
prepared by the Committee on the Care and Use of Laboratory
Animals of the Institute of Laboratory Resources, National
Research Council (32).

Reconstitution of Antibody-Deficient Mice. RAG1�/� mice were
reconstituted with either i.v. administration of 400 �g of murine
IgG (Calbiochem, San Diego, CA) or IgM isolated from pooled
C57BL/6 serum, or 100 �g of IgMCM-22 clone, or 100 �g of
IgMCM-75 clone 15–20 min before scald burn.

Reconstitution of WT Mice. C57BL/6 mice were reconstituted i.v.
with sCR1 (10 mg/kg; Avant, Needham, MA) (9) 15–20 min
before scald burn in a total volume of 100 �l.

Scald Burn Model. Ten-week-old male mice were anesthetized
with i.p. ketamine (10 mg/kg) and xylazine (20 mg/kg) followed
by intrascapular hair removal. A burn template was created from
a high-impact, non-heat-conducting plastic container (Belkin
Components, Compton, CA) to produce a 1-cm2 wound on the
dorsum of a mouse between the scapulae (2.5% body surface
area). With the template held in position, shaved skin was
scalded in a circulating water (54°C) bath for 25 sec. Scalding
resulted in a histologically confirmed deep second-degree burn
to the exposed dorsum. This is an adaptation of the model used
in the laboratory of John Mannick (31). Mice were removed
from the burn template and placed on a heating pad to maintain
body temperature. Mice were allowed to recover on fresh
bedding with access to food and water without any intervention
for 72 h after burn. At this time, wounds were either biopsied on
postburn day 3 or sequentially photographed until healed. All
animal groups had a minimum n � 3. Pain was accessed twice
daily, and buprenorphine (0.05 mg/kg) SQ/IM was given as
needed for the first 72-h postburn period. For the experiments
described, every animal group was treated twice daily for 3 days.

Histology of Burn Tissue. For permanent sections, the burn tissue
was fixed in 4% paraformaldehyde in PBS for 18 h and changed
to PBS (Sigma, St. Louis, MO) and kept at 4°C. Sections were
stained by hematoxylin/eosin (H&E) and examined by
microscopy.

Quantification of Inflammation and Wound Contraction. The zone of
inflammation and wound contraction area measurements were
attained by using the National Institutes of Health J-Image

program, which calculates the number of pixels within a circum-
scribed area.

For H&E histology samples of the burn, the top of the
histology sample to base of the neutrophil infiltrate was mea-
sured as the depth of inflammation.

Evans Blue Experiment. Mice were anesthetized with i.p. ketamine
(10 mg/kg) and xylazine (20 mg/kg). At times (10, 20, 30, 60, and
90 min) before and after burn, 100 �l of 1% Evans blue (MW �
960) was administered i.v. to visualize skin vasculature.

Laser Doppler Scanning. A laser Doppler imager (Moor Instru-
ments, Wilmington, DE) was used to assess blood flow. The laser
Doppler source was mounted on a movable rack exactly 20 cm
above the back of the mouse after the animal was anesthetized
and restrained on the underlying table. The laser beam (780 nm)
reflected from moving red blood cells in nutritional capillaries,
arterioles, and venules was detected and processed to provide a
computerized, color-coded image. By using image analysis soft-
ware (Laser Doppler Perfusion Measure, Version 3.08; Moor
Instruments), mean flux values representing blood flow were
calculated from the relative flux units for the areas correspond-
ing to the dorsum of the mice. Baseline images were obtained
from each mouse before burning. Mice were burned, and serial
laser Doppler images were obtained postburn. The entire pro-
cedure was done under warm ischemic conditions.

Administration of Peptide. The N2 peptide and the 12-mer scram-
bled peptide (H2N-AGCMPYVRIPTA-OH) were prepared in
sterile deionized water as a stock and then diluted in normal
saline for use. For i.v. injection, mice received a final concen-
tration of 40 �M (assuming 2-ml volume of blood) (29). For
topical application, four doses at a known concentration were
applied over the first 60-min postburn period in a damp gauze cut
to fit the burn.

Statistical Analysis. Statistical comparisons between groups were
made by Student’s t test. Standard error of the mean (SEM) was
used to evaluate significance. P � 0.05 was considered significant.
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