
of August 4, 2022.
This information is current as

Dermal, Wound Healing
IL-1 Plays a Critical Role in Oral, But Not

Davey, Shilpa Patel, David Cottrell and Salomon Amar
Dana T. Graves, Nasser Nooh, Thomas Gillen, Michael

http://www.jimmunol.org/content/167/9/5316
doi: 10.4049/jimmunol.167.9.5316

2001; 167:5316-5320; ;J Immunol 

References
http://www.jimmunol.org/content/167/9/5316.full#ref-list-1

, 2 of which you can access for free at: cites 24 articlesThis article 

        average*

   
 4 weeks from acceptance to publicationFast Publication! •  

   
 Every submission reviewed by practicing scientistsNo Triage! •  

   
 from submission to initial decisionRapid Reviews! 30 days* •  

   
Submit online. ?The JIWhy 

Subscription
http://jimmunol.org/subscription

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/About/Publications/JI/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/alerts
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists All rights reserved.
Copyright © 2001 by The American Association of
1451 Rockville Pike, Suite 650, Rockville, MD 20852
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 
 b

y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/cgi/adclick/?ad=56314&adclick=true&url=https%3A%2F%2Fwww.bdbiosciences.com%2Freal%3Futm_source%3Djim%26utm_medium%3Ddigital%26utm_campaign%3Dgl-ry586launch%26utm_content%3Dpdfbanner
http://www.jimmunol.org/content/167/9/5316
http://www.jimmunol.org/content/167/9/5316.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/


IL-1 Plays a Critical Role in Oral, But Not Dermal, Wound

Healing

Dana T. Graves,1* Nasser Nooh,† Thomas Gillen,‡ Michael Davey,* Shilpa Patel,*

David Cottrell,§ and Salomon Amar*

Wound healing is a well-orchestrated complex process leading to the repair of injured tissues. After injury, proinflammatory

cytokines act as important modulators of the inflammatory process. IL-1 expression has been regarded as necessary for healing;

however, its effects have also been implicated in delayed wound repair. Currently, there is no consensus or direct evidence that

IL-1 activity plays a central role in the healing process. The present investigation was undertaken to define the role of IL-1R

signaling in the healing outcome of an excisional wound in the palate or scalp of mice that had targeted deletions of the IL-1R type

1 (IL-1R1�/�) compared with matched wild-type mice. Histomorphometric analysis was undertaken to assess the degree of healing

and the recruitment of polymorphonuclear and mononuclear phagocytes. After 14 days, wild-type mice exhibited complete closure

of intraoral wounds, while IL-1R1�/� animals had only partial closure (50%). In the IL-1R1�/� mice, healing tissues exhibited

a persistent inflammatory cell infiltrate, which did not occur in wild-type animals. Treatment with antibiotics significantly di-

minished the persistent inflammatory infiltrate and improved healing in the experimental animals. In contrast to oral wounds, the

rate of healing and recruitment of polymorphonuclear cells in scalp wounds was similar in IL-1R1�/� and wild-type mice. The

present data underscore the importance of IL-1 in wound healing in a challenging environment and identify its principal role in

facilitating the healing process by protecting an open wound from bacterial insult. In a less challenging environment, the pro-

duction of new connective tissue and its coverage by migrating epithelium are minimally affected by the absence of IL-1

activity. The Journal of Immunology, 2001, 167: 5316–5320.

W
ound healing has three principal phases (1). Healing is

initiated by an inflammatory phase in which cytokines

and other inflammatory mediators are generated. This

is followed by a proliferation phase, particularly of fibroblasts and

endothelial cells. The last phase involves the production and reor-

ganization of extracellular matrix leading to repair or regeneration.

The inflammatory phase is thought to be important in the repair

process because it leads to the recruitment of leukocytes that pro-

duce growth factors and remove the debris of the wound. A num-

ber of inflammatory mediators are up-regulated during the healing

process, including IL-1. Surprisingly, there is little direct evidence

establishing whether this up-regulation is functionally important.

However, mice with targeted deletion of both P- and E-selectins

exhibit reduced recruitment of inflammatory cells (neutrophils and

macrophages) and impaired closure of the wounds, demonstrating

the functional importance of inflammatory events (2). This is con-

sistent with earlier studies demonstrating impaired healing in an-

imals depleted of monocytes (3). Thus, expression of inflammatory

cytokines, including IL-1, may play a central role in the early

events of wound healing, in part because they stimulate the re-

cruitment of leukocytes.

IL-1 is a potent proinflammatory cytokine that regulates many

aspects of the immune response (4). There are two IL-1 ligands

with agonist activity, IL-1� and IL-1�. Both bind to IL-1Rs

termed type I and type II. The type I IL-1R (IL-1R1) is responsible

for specific signaling, while the type II receptor functions as a

nonsignaling decoy receptor. The generation of mice with targeted

functional deletions of IL-1R1 (IL-1R1�/�) has helped elucidate

the role of IL-1R signaling in several processes (5, 6). These mice

develop normally, do not exhibit gross abnormalities, and are ca-

pable of developing Abs to exogenous Ag stimulation. In most, but

not all studies, mice with deficient IL-1 activity exhibit an atten-

uated inflammatory response as measured in the turpentine abscess

formation model, and are often more susceptible to infectious

agents (6–8).

In healing tissue, IL-1 is produced primarily by cells of the

epithelium, and exogenous IL-1 has been shown to accelerate epi-

dermal healing (9, 10). However, findings that IL-1 is overex-

pressed in wounds that heal poorly have cast doubt on the positive

role of IL-1 in the healing process (11, 12). Further evidence in-

dicates that application of exogenous IL-1R antagonist can par-

tially reverse the negative impact of TNF on healing (13). That

wound healing is enhanced in mice that have a lower level of

cytokine expression compared with normals also suggests that the

expression of cytokines may inhibit repair even under normal con-

ditions (14). Thus, there are reports indicating that proinflamma-

tory cytokines such as IL-1 are expressed during wound healing,

but it is not known whether IL-1 ultimately is required for normal

repair.

In this work, we present studies examining the impact of IL-1

activity on wound repair by studying the healing response in mice

with targeted mutation of the IL-1R1 and matched wild-type coun-

terparts. These studies were conducted by placing small excisional

biopsies at two different sites, the scalp and the hard palate. In the

latter, a relatively significant commensal flora is present. The re-

sults indicate that the capacity to recruit polymorphonuclear cells
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(PMNs)2 and monocytes under normal conditions was not depen-

dent upon IL-1. However, for oral wounds in the IL-1R-deficient

mice, there was a failure to reduce the inflammatory infiltrate at

later time points, diminished formation of new connective tissue,

and delayed covering of the wound by epithelium. Treatment with

antibiotics reversed these deficits to a significant extent. In con-

trast, healing in the scalp was minimally affected by the absence of

IL-1R signaling. Thus, IL-1R signaling is critical for normal

wound healing in a challenging environment, which is largely due

to its essential function in up-regulating antibacterial defenses. In

contrast, the absence of IL-1R signaling in a less challenging en-

vironment has only a small effect on the wound healing response.

To our knowledge, the present study is the first to address the

mechanistic role of IL-1 signaling in wound healing.

Materials and Methods
Mice

Experimental IL-1R1�/� mice on a C57BL/6 � 129 background and con-
trol C57BL/6 � 129 F2 wild-type mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). For all data points, six animals were exam-
ined. For all procedures, mice were anesthetized with injection of ketamine
(80 mg/kg) and xylazine (10 mg/kg) in sterile PBS. A 1.5-mm palatal
excisional biopsy was placed anterior to the soft palate, or a 1.5-mm ex-
cisional scalp biopsy was placed at a midline between the ears after the area
was carefully shaved. Animals received either a palatal or scalp biopsy, but
not both. In some experiments, mice were given the antibiotics sulfame-
thoxazole (8 mg/ml) and trimethoprim (1.6 mg/ml) in their drinking water
starting 10 days before excisional wounding and continuing thereafter. Wa-
ter with fresh antibiotics was changed daily. Mice were sacrificed at the
indicated time points by CO2 overdose.

Preparation of specimens

Following sacrifice, the head of each animal was dissected free and then
placed for 48 h in cold 4% paraformaldehyde, followed by dissection of the
calvaria with intact soft tissue. This tissue was decalcified by incubation in
cold Immunocal (Decal, Congers, NY) for approximately 4 days, with
solution changed daily. Cryostat sections (5 �m) were then prepared as
previously described (15).

Quantitative histologic analysis

The distance between the edges of the epithelium and connective tissue of
the wound was measured with the use of Image ProPlus software (Media
Cybernetics, Silver Spring, MD) from sections at the central portion of
each wound. The number of PMNs was identified by their characteristic
morphology in H&E-stained sections and counted at �1000 magnification.
The presence of mononuclear phagocytes was determined by immunohis-
tochemistry using the F4/80 Ab, as we have previously described (16).
Blood vessels were identified with the MECA-32 Ab, which recognizes
newly formed blood vessels (17), purchased from BD Biosciences (Frank-
lin Lakes, NJ). Measurements of mononuclear phagocytes, PMNs, and
blood vessels were made in the healing connective tissue and expressed as
the number per connective tissue area. All quantitative measurements were
confirmed by random reanalysis of approximately one-fourth of the spec-
imens by the same examiner and by another independent examiner to en-
sure consistency. The intra- and interexaminer variation was generally
�15%; each data point presented represents the mean of six specimens �

SEM. In experiments with multiple time points, differences between the
experimental and the wild-type groups were determined by ANOVA with
significance set at the 0.05 level. Student’s t test was used to establish
differences between experimental and wild-type groups in other
experiments.

Results
Following placement of a 1.5-mm excisional wound in the hard

palate, healing was significantly delayed in the IL-1R-deficient

mice, as measured by the gap between the edges of the healing

connective tissue as well as the gap between the healing epithelium

(Fig. 1). Significantly less closure of the wound by connective

tissue or epithelium was observed in the IL-1R-ablated mice com-

pared with the wild-type animals at days 4, 7, and 14 (Fig. 2). By

day 4 in the wild-type mice, new connective tissue had covered

approximately 40% of the original wound surface, and new epi-

thelium approximately 50%. A similar degree of healing was not

seen until day 14 in the IL-1R1�/� animals. In contrast, there was

complete bridging of the wound by both connective tissue and

epithelium in the wild-type animals by day 14.

2 Abbreviation used in this paper: PMN, polymorphonuclear cell.

FIGURE 1. Healing of excisional oral wounds is delayed in IL-1R�/�

mice. A 1.5-mm palatal excisional wound was placed in the hard palate of

experimental and matched wild-type mice. Animals were sacrificed 7 days

later. Specimens were prepared for cryostat sectioning and stained with

H&E. The gap between the healing connective tissue is denoted by long

arrows; the interepithelial gap is marked by short arrows. Original magni-

fication, �40.

FIGURE 2. Healing of excisional oral wounds is delayed in IL-1R�/�

mice. A 1.5-mm palatal excisional wound was placed in the hard palate of

experimental and matched wild-type mice. Animals were sacrificed 0, 2, 4,

7, and 14 days following biopsy. The gap between the healing connective

tissue and epithelium was calculated by image analysis of H&E-stained

sections at the wildest part of each lesion. Differences between experimen-

tal and control groups were significant at days 4, 7, and 14 (p � 0.05).

5317The Journal of Immunology
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In Fig. 3, the data were stratified so that the animals were placed

into one of three groups: 1) those that showed a high degree of

connective tissue healing (covering �70% of the original wound

surface), 2) moderate (covering 30–70%), or 3) little to no healing

(covering �30%). For the wild-type group, the majority of animals

exhibited moderate healing by day 4, whereas none of the IL-

1R1�/� mice exhibited this degree of healing at the same time

point. On day 14, all of the wild-type mice had a high degree of

healing, while two-thirds of the IL-1R1�/� mice had only a mod-

erate degree of healing. Taken together, these data indicate that

from day 4 onward the majority of experimental mice exhibited

delayed healing compared with wild-type controls.

Since angiogenesis is an important component of healing, we

determined whether the formation of new blood vessels was hin-

dered by the absence of IL-1R signaling by quantitative immuno-

histochemistry using an Ab that recognizes newly formed blood

vessels, MECA-32. The results indicate that there were 90 � 18

blood vessels per mm2 in the wild-type and 76 � 12 in the IL-

1R�/� group (mean � SD). The difference was not statistically

significant ( p � 0.05), suggesting that other mechanisms are re-

sponsible for the differences in the rates of wound repair.

Since IL-1 stimulates many of the cellular events that lead to

formation of an inflammatory infiltrate, experiments were under-

taken to determine whether IL-1R1�/� mice had a diminished ca-

pacity to recruit monocytes and neutrophils (Fig. 4). In these ex-

periments, monocytes and PMNs were counted in the healing

connective tissue of the wound. Monocytes were detected by quan-

titative immunohistochemistry, as CD68-positive cells and neutro-

phils were identified by their characteristic appearance on H&E-

stained sections. On day 2, enhanced recruitment of both

monocytes and PMNs was observed in all of the animals tested

compared with baseline. Unexpectedly, the number of monocytes

present following wounding was higher in the experimental ani-

mals compared with controls. In this group, large numbers of

monocytes were recruited by day 2 and did not decrease thereafter.

In contrast, the number of monocytes in wild-type mice peaked at

day 4 and decreased to almost normal levels by day 14. PMNs in

the wild-type group also peaked on day 4 and returned to baseline

levels by day 14. In contrast, the recruitment of PMNs in IL-1R-

ablated mice reached high levels by day 2 that persisted for the

entire experimental period.

We previously reported that IL-1R1�/� mice exhibited a limited

capacity to resist infection by oral pathogens (18). We therefore

tested whether the delayed oral healing observed in the IL-1R1�/�

animals was due to a limited capacity to protect the wound site

from infection. In these experiments, mice were treated with an

antibiotic regimen that has been reported to substantially reduce

the commensal flora in the oral cavity of mice (19). Before anti-

biotic treatment, high bacterial counts were obtained from a swab

of the hard palate of both the experimental and control mice (Fig.

5). Just before creation of an excisional wound, the bacterial flora

was reduced by �1000-fold, and 1 wk after biopsy, during the

period of healing, only a few bacterial colonies were detected.

The effect of antibiotic treatment was assessed by histomorpho-

metric analysis of H&E-stained sections from mice sacrificed on

day 14, which was selected because the greatest difference in heal-

ing was noted between the experimental and control groups at this

time point (see Fig. 1). Experimental mice treated with antibiotics

had a significantly improved healing response (Fig. 6). Epithelial

and connective tissue wound closure was improved by 50% and

65%, respectively, in the antibiotic-treated group of IL-R�/� an-

imals. In the wild-type animals, healing was completed at this time

point with or without antibiotics (data not shown).

To measure the impact of antibiotic treatment on formation of

an inflammatory infiltrate, the number of PMNs was counted.

When the IL-1R�/� group was treated with antibiotics, there was

a 63% reduction in the number of PMNs so that the level was

FIGURE 3. A high percentage of excisional oral wounds in IL-1R�/�

mice exhibits delayed healing. Mice described in Fig. 2 were stratified into

three groups: 1) those that showed a high degree of connective tissue healing

(covering �70% of the original wound surface), dark bars; 2) moderate (cov-

ering 30–70%), gray bars; or 3) little to no healing (covering �30%), light

bars. Clear differences between the experimental and control groups are noted

on days 4, 7, and 14.

FIGURE 4. Healing oral wounds in IL-1R1�/� mice have a persistent

monocyte and PMN infiltrate. Histologic sections were analyzed for the

presence of mononuclear phagocytes or PMNs in the connective tissue of

the healing wound. Mononuclear phagocytes were identified by immuno-

histochemistry using an Ab to CD68 and PMNs by their characteristic

appearance in H&E sections.

5318 IL-1R SIGNALING FACILITATES NORMAL ORAL HEALING
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similar to that in the untreated wild-type mice (Fig. 7). This indi-

cates that much of the prolonged recruitment of PMNs in the ex-

perimental group is due to constant bacterial stimulation. More-

over, it is consistent with a subclinical infection since no overt

signs of infection were present at the wound site.

Experiments were then undertaken to examine healing in exper-

imental and wild-type animals under conditions in which bacterial

challenge was less significant. To accomplish this, a 1.5-mm ex-

cisional wound was created in the scalp and the rate of healing

determined (Fig. 8). At this site, the rates of healing in the wild-

type and control mice were similar, except for a single time point,

day 7. This contrasts sharply with different rates of healing ob-

served in the oral cavity. When the data were stratified into groups

consisting of a high degree, moderate, or little healing, the distri-

bution was similar for wild-type and IL-1R1�/� mice, also indi-

cating that the rates of healing between the two groups were sim-

ilar (data not shown).

The impact of IL-1R signaling on formation of an inflammatory

infiltrate following wounding in the scalp was determined by mea-

suring the number of PMNs (Fig. 9). In the wild-type and IL-

1R1�/� groups, there was a significant increase in the number of

PMNs on day 2. For both groups, the size of the inflammatory

infiltrate decreased considerably by day 7, although they were still

above baseline levels. No significant differences were noted be-

tween IL-1R-deficient and wild-type mice at any of the time

points.

FIGURE 6. Antibiotic treatment enhances the rate of healing in IL-

1R�/� mice. An excisional wound was placed in the palate of IL-1R1�/�

mice, which were sacrificed 14 days later. In one group, mice were treated

with antibiotics, as described in Fig. 6. Histologic measurements of the

connective tissue and epithelial gaps were made from H&E-stained sec-

tions. The differences between the treated and untreated groups for the

IL-1R1�/� mice were significant (p � 0.05).

FIGURE 7. Antibiotic treatment reduces the size of the inflammatory

infiltrate following wounding in IL-1R1�/� mice. Mice were treated with

antibiotics, as described in Fig. 6. An excisional biopsy was placed in the

palate, and animals were sacrificed 14 days later. PMNs were counted at

�1000 magnification in the healing connective tissue in H&E-stained sec-

tions. The difference between treated and nontreated groups was significant

for IL-1R1�/� animals (p � 0.05).

FIGURE 8. Healing of excisional wounds in the scalp is similar in IL-

1R�/� and wild-type mice. A 1.5-mm biopsy was placed in the scalp of

experimental and control mice at a point midway between the ears. Ani-

mals were sacrificed 0, 2, 4, 7, and 14 days later. Histologic measurements

of the connective tissue and epithelial gaps were made from H&E-stained

sections at the widest point of each lesion. A significant difference between

experimental and control groups was observed only on day 7 (p � 0.05).

FIGURE 5. Antibiotic treatment reduces bacterial levels in the palates

of IL-1R�/� and wild-type mice. One group of mice was treated with

antibiotics, sulfamethoxazole (8 mg/ml), and trimethoprim (1.6 mg/ml) in

their drinking water starting 10 days before inducing an oral excisional

wound and continuing thereafter. Swabs of the palate were cultured under

aerobic conditions to assess bacterial colony formation just before antibi-

otic treatment, at the time of surgery, and 7 and 14 days after wounding.

5319The Journal of Immunology
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Discussion
It has been documented in several reports that IL-1 is up-regulated

during wound healing. However, there is no consensus or direct

evidence that IL-1 activity plays a central role in the healing pro-

cess. Thus, the significance of its expression is poorly understood.

The present study addresses this issue and demonstrates that in a

challenging environment the loss of IL-1R signaling causes a sig-

nificant delay in excisional wound healing. In contrast, healing in

the scalp is minimally affected by ablation of IL-1Rs. The differ-

ence between these two outcomes can be reconciled by the fact

that a significant reduction in the oral flora greatly enhances the

rate of healing in IL-1R1�/� mice. These data underscore the role

of IL-1 in wound healing and identify its principal role in facili-

tating the healing process by protecting an open wound from bac-

terial insult.

In oral healing, monocyte and PMN infiltration was significantly

reduced by day 7 in the wild-type animals, while it was maintained

without a reduction in the experimental mice. Experiments in

which mice were treated with antibiotics suggest that persistent

bacterial challenge in the oral cavity of IL-1R1�/� mice may ac-

count for the long period of inflammation and duration of the in-

flammatory infiltrate. This is likely to result from an impairment of

the host response in the experimental group, since IL-1 has been

shown to significantly contribute to the antibacterial activity of

PMNs and monocytes (20–22). This interpretation is consistent

with our previous finding that in a model of chronic infection,

IL-1R1�/� mice had an impaired antibacterial defense, as demon-

strated by higher levels of oral pathogens at infected sites com-

pared with wild-type animals (16), which was associated with pro-

longed recruitment of leukocytes. Thus, a diminished host

response present in the IL-1R1�/� mice could lead to a mild sub-

clinical infection at the wound site, inducing persistent inflamma-

tion, and that in turn causes impaired healing. These results may

give insight into mechanisms of delayed wound healing in which

there is a compromised host response in individuals such as dia-

betics (23).

Results from excisional wounds in the scalp demonstrate that

ablation of IL-1Rs has only a small effect on formation of new

connective tissue and wound coverage by epithelium. This further

emphasizes that the deficit in oral healing is due to the impact of

that particular environment rather than an absolute requirement for

IL-1 stimulation of fibroblasts or epithelial cells. It is also consis-

tent with studies demonstrating that reformation of an epithelial

barrier following repeated treatment of the skin with acetone or tape

stripping is not significantly affected by the absence of IL-1Rs (24).

References
1. Hunt, T., J. Burke, A. Barbul, and M. Gimble. 1999. Wound healing. Science

284:1775.

2. Subramaniam, M., S. Saffaripour, L. Van De Water, P. Frenette, T. Mayadas,
R. Hynes, and D. Wagner. 1997. Role of endothelial selectins in wound repair.
Am. J. Pathol. 150:1701.

3. Leibovich, S., and R. Ross. 1975. The role of the macrophage in wound repair:
a study with hydrocortisone and antimacrophage serum. Am. J. Pathol. 78:71.

4. Alheim, K., and T. Bartfai. 1998. The interleukin-1 system: receptors, ligands,
and ICE in the brain and their involvement in the fever response. Ann. NY Acad.

Sci. 840:51.

5. Glaccum, M., K. Stocking, K. Charrier, J. Smith, C. Willis, C. Maliszewski,
D. Livingston, J. Peschon, and P. Peschon. 1997. Phenotypic and functional char-
acterization of mice that lack the type 1 receptor for IL-1. J. Immunol. 159:3364.

6. Labow, M., D. Shuster, M. Zetterstrom, P. Nunes, R. Terry, E. Cullinan,
T. Bartfai, C. Solorzano, L. Moldawer, R. Chizzonite, and K. McIntyre. 1997.
Absence of IL-1 signaling and reduced inflammatory response in IL-1 type I
receptor-deficient mice. J. Immunol. 5:2452.

7. Yamada, H., S. Mizumo, R. Horai, Y. Iwakura, and I. Sugawara. 2000. Protective
role of interleukin-1 in mycobacterial infection in IL-1�/� double-knockout
mice. Lab. Invest. 5:759.

8. Leon, L., C. Conn, M. Glaccum, and M. Kluger. 1996. IL-1 type 1 receptor
mediates acute phase response to turpentine, but not lipopolysaccharide, in mice.
Am. J. Physiol. 271:R1668.

9. Matsumoto, K., E. Robb, G. Warden, and J. Norlund. 1997. The expression of
cytokines, growth factors and ICAM-1 in the healing of human cutaneous xeno-
grafts on nude mice. Exp. Dermatol. 6:13.

10. Sauder, D., P. Kilian, J. McLane, T. Quick, H. Jakubovic, S. Davis, W. Eaglstein,
and P. Mertz. 1990. Interleukin-1 enhances epidermal wound healing. Lympho-

kine Res. 9:465.

11. Trengove, N., H. Bielefeldt-Ohmann, and M. Stacey. 2000. Mitogenic activity
and cytokine levels in non-healing and healing chronic leg ulcers. Wound Repair

Regen. 8:13.

12. Angele, M., M. Knoferl, A. Ayala, J. Albina, W. Cioffi, K. Bland, and I. Chaudry.
1999. Trauma-hemorrhage delays wound healing potentially by increasing pro-
inflammatory cytokines at the wound site. Surgery 126:279.

13. Maish, G. I., M. Shumate, H. Ehrlich, T. Vary, and R. Cooney. 1999. Interleu-
kin-1 receptor antagonist attenuates tumor necrosis factor-induced alterations in
wound breaking strength. J. Trauma 47:533.

14. Bettinger, D., J. Pellicane, W. Tarry, D. Yager, R. Diegelmann, R. Lee, I. Cohen,
and E. DeMaria. 1994. The role of inflammatory cytokines in wound healing:
accelerated healing in endotoxin-resistant mice. J. Trauma 36:813.

15. Jiang, Y., L. Magli, and M. Russo. 1999. Bacterium-dependent induction of cy-
tokines in mononuclear cells and their pathologic consequences in vivo. Infect.

Immun. 67:2125.

16. Chen, C.-P., M. Hertzberg, Y. Jiang, and D. T. Graves. 1999. IL-1 and TNF
receptor signaling is not required for bacteria-induced osteoclastogenesis and
bone loss but is essential for protecting the host from a mixed anaerobic infection.
Am. J. Pathol. 6:2145.

17. Leppink, D., D. Bishop, D. Sedmak, M. Henry, R. Feguson, and P. Streeter. 1989.
Inducible expression of an endothelial cell antigen on murine myocardial vascu-
lature in association with interstitial cellular infiltration. Transplantation 48:874.

18. Graves, D., C. Chen, C. Douville, and Y. Jiang. 2000. Interleukin-1 receptor
signaling rather than that of tumor necrosis factor is critical in protecting the host
from the severe consequences of a polymicrobe anaerobic infection. Infect. Im-

mun. 8:4746.

19. Baker, P., R. Evans, and D. Roopenian. 1994. Oral infection with Porphyromonas

gingivalis and induced alveolar bone loss in immunocompetent and severe com-
bined immunodeficient mice. Arch. Oral Biol. 39:1035.

20. Cross, A., L. Asher, M. Seguin, L. Yaun, N. Kelly, C. Hanumack, J. Sadoff, and
P. Gemski. 1995. The importance of a lipopolysaccharide-initiated, cytokine-
mediated host defense mechanism in mice against extraintestinally invasive Esch-

erichia coli. J. Clin. Invest. 96:676.

21. Rasmussen, L. T., Z. Konopski, P. Oian, and R. Slejelid. 1992. Killing of Esch-

erichia coli by mononuclear phagocytes and neutrophils stimulated in vitro with
�-1, 3-D-polyglucose derivatives. Microbiol. Immunol. 36:1188.

22. Ferrante, A. 1992. Activation of neutrophils by interleukins-1 and -2 and tumor
necrosis factors. Immunol. Ser. 57:436.

23. Pozzilli, P., and R. Leslie. 1994. Infections and diabetes: mechanisms and pros-
pects for prevention. Diabetes Med. 11:935.

24. Man, M., L. Wood, P. Elias, and K. Feingold. 1999. Cutaneous barrier repair and
pathophysiology following barrier disruption in IL-1 and TNF type 1 receptor
deficient mice. Exp. Dermatol. 8:261.

FIGURE 9. Recruitment of PMNs is similar in IL-1R�/� and wild-type

mice in excisional wounds of the scalp. A 1.5-mm biopsy was placed in the

scalp, as described in Fig. 7. PMNs were counted in H&E-stained sections

at �1000 magnification in the healing connective tissue. Differences be-

tween the IL-1R1�/� mice and wild-type mice were not significant (p �

0.05).
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