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Wound splinting modulates granulation tissue proliferation
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Abstract

Attachment of the extracellular matrix to a substratum is important for fibroblast survival and proliferation in three-dimensional in

vitro culture systems. We hypothesized that wound matrix attachment in a wound splinting model would modulate wound cell

proliferation in vivo. Male rats were excisionally wounded on the dorsum, and a splint was sutured to the wound edge. In one experiment

(N = 12), 6 rats were desplinted on day 5, and then all were sacrificed 24 h later, 6 h after 5-bromo-2V-deoxyuridine (BrdU) injection. In

the second experiment (N = 18), 6 rats each were desplinted, desplinted with wound edge release, or not disturbed, followed by BrdU

injection and sacrifice 24 h later. BrdU-labeled nuclei were quantified on frozen sections of granulation tissue, cut at three different

levels. In the first experiment, the percentage of BrdU-positive nuclei per high power field (hpf) in the splinted vs. desplinted animals

was 6.15F 2.45 (S.D.) vs. 3.03F 1.58%* p<0.001, ANOVA. In the second experiment, the number of BrdU-positive per hpf was

33.1F17.4 vs. 14.5F 17.1 vs. 10.2F 9.1* (splinted vs. desplinted vs. desplinted/released); *p < 0.001 [analysis of variance (ANOVA)].

Removal of the wound splint decreased the rate of BrdU-labeled cells in the granulation tissue by f 50%; complete disruption of

wound matrix attachment may have decreased this rate even further. Wound cell proliferation is modulated by lateral attachment of the

wound matrix.

D 2004 Elsevier B.V./International Society of Matrix Biology. All rights reserved.
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1. Introduction

Research on the extracellular regulation of the cell cycle

in nontransformed cells has emphasized the influence of

soluble mitogens such as cytokines and growth factors

(Evan and Vousden, 2001). In cultured adherent cells,

proliferation is supported by cell anchorage to a biologic

substratum via integrin receptors (Assoian, 1997). The

involvement of the integrin receptor in anchorage-dependent

cell-cycle progression suggests that mechanical forces act-
Abbreviations: ANOVA, analysis of variance; BrdU, 5-bromo-2V
deoxyuridine; DAB, diaminobenzidine; dpi, dots per inch; FPCM,

fibroblast-populated collagen matrix; hpf, high power field; PBS,

phosphate-buffered saline; PCNA, proliferating cell nuclear antigen; PI,

propidium iodide; PWD, postwounding day.
$ Presented in part at the 2003 meeting of the Association for

Academic Surgery in Sacramento, CA.

* Corresponding author. Omaha VA Medical Center, Surgery 112 4101

Woolworth Avenue, University of Nebraska Medical Center, Omaha, NE

68105, USA. Tel.: +1-402-346-8800x5371; fax: +1-402-977-5672.

E-mail address: macarlso@unmc.edu (M.A. Carlson).

0945-053X/$ - see front matter D 2004 Elsevier B.V./International Society of Ma

doi:10.1016/j.matbio.2004.05.006
ing on the cell can regulate cellular proliferation. Cell-

generated mechanical tension is required for the G1/S phase

transition in the cell cycle of cultured endothelial cells

(Huang et al., 1998); cell-generated tension secondary to

extracellular matrix attachment also promotes proliferation

of fibroblasts in a three-dimensional collagen matrix (Grin

nell, 2003). In vivo, mechanical tension (and compression)

is a known stimulus for growth of osseous tissue (Boule

treau et al., 2002; Carter et al., 1998).

We have been interested in wound biology and the

regulation of granulation tissue growth and regression.

Granulation tissue is a temporary yet densely cellular matrix

which rapidly fills an excisional dermal wound and invo

lutes as the wound closes by contraction (Clark, 1996). An

inadequate ‘‘amount’’ of granulation tissue may result in

‘‘under-healing’’ phenomena such as incomplete wound

closure, abdominal wound dehiscence, or anastomotic dis

ruption (Hendriks and Mastboom, 1990; Thornton and

Barbul, 1997); an overabundance of granulation tissue

suggests dysregulation, such as that which underlies keloid

biology (Lim et al., 2003). An understanding of granulation
trix Biology. All rights reserved.
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tissue biology thus might impact the treatment of healing-

related morbidity. Philosophically, granulation tissue also

may be regarded as an aberrant response to injury which has

evolved in upper vertebrates (Goss, 1992); in these animals,

there is an inexorable progression to scar which is absent in

many lower vertebrates that regenerate after injury.

Granulation tissue proliferation can be promoted by

soluble factors, including PDGF (Greenhalgh et al.,

1990), TGF-h1 (Roberts et al., 1986), EGF (Buckley et

al., 1985), and others (Cross and Mustoe, 2003). As noted

above, fibroblast proliferation in vitro is promoted by the

attachment of its extracellular matrix to a rigid substratum.

We wanted to determine if extracellular matrix attachment

also modulated proliferation of wound cells in granulation

tissue. In order to do this, we needed a system in which

wound matrix attachment could be altered in vivo without

a disruption of tissue planes. The avoidance of the latter

was necessary so that there would not be a confounding

influence of growth factors (from the platelet release of

hemorrhage) on wound cell proliferation. In order to avoid

hemorrhage, a splinted wound model (Carlson et al., 2003)

was used, which permitted a release of lateral wound

matrix attachment (by simple splint removal) without

tissue trauma or bleeding. We found that disruption of

the wound matrix attachment decreased the proliferative

index of the granulation tissue.
2. Experimental procedures

2.1. Animal model

Animal usage was approved by our Institutional Animal

Care and Use Committee. The details of the excisional

wound model with splinting have been published (Carlson

et al., 2002, 2003). Under inhalation anesthesia, a square

excision (4 cm2) of dermis with panniculus carnosus was

performed on the dorsum of the rat (males, age = 3 months;

Charles River Laboratories). A square stainless steel splint

(2� 2 cm internal dimension) then was sutured to the

dermal margin with continuous 5-0 nylon. A polyurethane

dressing was applied to the wound, followed by gauze and

then a plaster wrap.

2.2. Design of experiment 1

Twelve rats were wounded and splinted; on postwound

ing day (PWD) 5, the splints were removed in six rats

(desplinted group) by simply cutting the suture and lifting

the splint away from the dermis. The other six rats (splinted

group) underwent a dressing change only. Eighteen hours

after splint removal, all rats received an intraperitoneal

injection of BrdU (Sigma; 5 mg/ml in saline; dose = 100

Ag BrdU per gram bodyweight). Six hours after BrdU

injection (i.e., on PWD 6), the animals were sacrificed with

CO2 asphyxiation.
atrix Biology xx (2004) xxx–xxx

2.3. Design of experiment 2

Eighteen rats were wounded and splinted; on PWD 5, six

rats underwent desplinting, six underwent desplinting fol

lowed by an incision (#15 scalpel) of the interface between

the dermal margin and the granulation tissue (wound re

lease) (Abercrombie et al., 1960; Carlson et al., 2002, 2003),

and the remaining six received a dressing change only.

BrdU injection and sacrifice occurred on PWD 6, as

described for experiment 1.

2.4. BrdU immunohistochemistry for experiment 1

Immediately after sacrifice, granulation tissue with a 2–

3 mm margin of dermis was excised en bloc, and three

equidistantly spaced transverse slices of granulation tissue,

along with slices of small intestine, were placed into a

cassette with a Tissue Freezing Medium (Fisher Scientific)

and then submerged in a pentane bath (chilled in liquid

N2). Frozen sections (5 Am) of granulation tissue and small

intestine were cut onto Plus slides (Fisher Scientific) and

post-fixed in 3% paraformaldehyde in phosphate-buffered

saline (PBS) for 10 min at 22 jC. The slides then were

incubated in 0.1% Triton X-100 (Sigma) in PBS for 30

min at 22 jC and then underwent microwave heating (200

W for 2 min) in 100 ml of 0.1 M sodium citrate (pH6.0),

followed by a 15-min cool-down period. All subsequent

reactions were at 22 jC and protected from light. The

sections were rinsed in PBS and then digested with

Pronase (20 Ag/ml; Sigma) in 20 mM Tris (pH7.5; Sigma)

supplemented with 0.5% Triton X-100 for 5 min. The

sections were rinsed in PBS and then treated with 2% goat

serum (Life Technologies) in PBS (blocking buffer) for 30

min in a SequenzaR slide rack (Thermo-Shandon). The

sections then were incubated with mouse anti-BrdU anti

body (clone ZBU30; Zymed Laboratories), diluted 1:100

in blocking buffer, for 2 h in the SequenzaR apparatus.

After rinsing with PBS, the slides were treated with

secondary antibody (Alexa Fluor 488, diluted 1:200 in

blocking buffer, Molecular Probes) for 1 h, rinsed with

PBS, counterstained for 30 min with propidium iodide

(Sigma), 5 Ag/ml in PBS supplemented with 20 Ag/ml

DNAse-free RNAse (Life Technologies), rinsed with PBS,

and then coverslipped with Fluoromount Gk (Southern

Biotechnology Associates).

2.5. BrdU and PCNA double-labeling

All reactions were carried out at 22 jC. Frozen sections

of granulation tissue post-fixed in 3% paraformaldehyde/

PBS were treated with 2 N HCl for 15 min, neutralized in

0.1 M sodium borate (pH8.5) for 10 min, rinsed with PBS

twice, and then treated with blocking buffer supplemented

with 0.1% Triton for 30 min. Sections then were treated with

anti-BrdU antibody (diluted 1:100 in blocking buffer) for 2

h, rinsed with PBS, treated with goat anti-mouse (Alexa
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Fluor 546 conjugate, diluted 1:200, Molecular Probes) for 1

h, rinsed with PBS, and then treated with goat anti-Ki-67

(FITC conjugate, diluted 1:100, Santa Cruz) for 2 h. The

sections then were rinsed with PBS, counterstained with

DAPI (1 Ag/ml in PBS) for 15 min, rinsed with PBS, and

coverslipped with Fluoromount Gk.

2.6. BrdU immunohistochemistry for experiment 2

A second technique of BrdU immunohistochemistry was

employed in experiment 2 (see explanation in Results and

discussion). A proprietary kit (ZymedR BrdU Staining Kit,

Streptavidin–Biotin System, Zymed Laboratories), which

employed a colorimetric reaction, was utilized following the

manufacturer’s recommendations; all reactions were carried

out at 22 jC. Post-fixed cryosections (see above) were

digested with trypsin solution in the SequenzaR apparatus

for 2 min, rinsed with PBS, treated with denaturing solution

for 20 min, rinsed with PBS, and then treated with blocking

solution for 10 min to inactivate endogenous peroxide. The

slides then were incubated with biotinylated mouse anti-

BrdU Reagent for 1 h, rinsed with PBS, treated with a

streptavidin–peroxidase reagent for 10 min, rinsed with

PBS, and treated with diaminobenzidine (DAB) solution

for 5 min. The DAB reaction was stopped with rinses of

distilled water. The sections then were counterstained with

hematoxylin solution for 1 min, rinsed with distilled water,

dehydrated in graded alcohol solutions (95% � 1,

100%� 2), cleared in xylene (� 2), and mounted with

Immu-Mountk (Thermo-Shandon).

2.7. Quantification of BrdU-labeled nuclei

Whole section bright field images from experiment 2

were captured with a 2700 dots per inch (dpi) slide scanner

(SprintScan 35 Plus, Polaroid) modified with a PathScan

Enablerk (Meyer Instruments). Fluorescent and bright field

microscopic images were captured from an Optiphot-2

fluorescent microscope (Nikon) interfaced to a CoolPix

950 digital camera (Nikon). Microscopic distances were

calibrated with an objective micrometer (Fisher Scientific).

Approximately 50 randomly chosen microscopic fields

(10� objective; dimensions = 310� 230 Am) were imaged
Fig. 1. Double-labeling of granulation tissue wit
per slide; with three sections of granulation tissue per slide,

this translated into f 17 microscopic fields per section. For

experiment 1, images with both the fluorescein and rhoda

mine filters (representing the BrdU-labeled and PI-labeled

nuclei, respectively) were captured from each microscopic

field. The number of nuclei fluorescently labeled with anti-

BrdU and PI (experiment 1) or colorimetrically labeled with

anti-BrdU (experiment 2) was quantified in each image

using ImageJ (freeware; http://www.rsb.info.nih.gov/ij/)

and entered into an Excel X spreadsheet (MicrosoftR).
For experiment 1, the percentage of BrdU-labeled nuclei

in a given image was defined as: (total number of BrdU

labeled nuclei/total number of PI-labeled nuclei)� 100. The

rate of BrdU labeling for a given image in experiment 2 was

simply the number of BrdU-labeled nuclei per high power

field (hpf).

2.8. Statistical analysis

The unpaired t-test was used in experiment 1, which has

two groups of subjects. In experiment 2, which had three

groups, BrdU-labeling rates were analyzed with analysis of

variance (ANOVA; http://www.physics.csbsju.edu/stats/). If

the null hypothesis was void, then between-group compar

isons were performed with the unpaired t-test. Statistical

significance was defined as p< 0.05.
3. Results and discussion

3.1. BrdU labeling in splinted vs. desplinted granulation

tissues (experiment 1)

A series of preliminary experiments was performed in

which the dose and timing of 5-bromo-2V-deoxyuridine
(BrdU) injection, the tissue fixation method, and the

technique of antibody application were varied to optimize

the quality of the BrdU immunohistochemistry (data not

shown). Histologic sections of the small intestinal crypts (a

site of ongoing proliferative activity) were used as a

positive control to check the technical aspects of the assay.

The gross, microscopic, and contractile aspects of the

wound splinting model used in experiments 1 and 2 have
h anti-BrdU and anti-PCNA. Bar = 50 Am.

 http:\\www.rsb.info.nih.gov\ij\ 
 http:\\www.physics.csbsju.edu\stats\ 
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Fig. 2. BrdU incorporation in granulation tissue, visualized with fluorescent immunohistochemistry (experiment 1). (A) Splinted and desplinted animals on

PWD 6 (24 h after desplinting); frozen sections labeled with anti-BrdU and counterstained with PI. Bar = 50 Am. (B) BrdU-labeling rate and nuclei per hpf in

the splinted vs. desplinted animals (*p < 0.05, unpaired t-test). (C) Intestine treated with anti-BrdU.
been published (Carlson et al., 2003). Wound splinting

resulted in a robust growth of granulation tissue; micro

scopically, the wound cells were elongated and oriented in

the plane of the wound (Carlson et al., 2003). Removal of

the splint (desplinting) from a wound with established

granulation tissue resulted in a small but immediate de

crease in wound area (i.e., contraction; Carlson et al.,

2003), indicating the presence of preload. One day after

desplinting, the wound area decreased to 25% of the

control (splinted) area; desplint/release of the wound

resulted in a decrease to 15% of the control area (Carlson

et al., 2003).

The technique of BrdU incorporation was chosen to

quantify wound cell proliferation. The literature on histo

logic determination of proliferative indices is diverse, but

our review indicated that BrdU incorporation is the bench

mark assay for tissue proliferation. Other techniques to

assay tissue proliferation which do not require administra

tion of BrdU [e.g., proliferating cell nuclear antigen (PCNA)

or Ki-67 immunohistochemistry] have been compared to
BrdU incorporation with various degrees of correlation

(Kubben et al., 1994; Lardelli et al., 1994; Muskhelishvili

et al., 2003; Sebo et al., 1993). We performed BrdU and

PCNA double-labeling in our wound sections; a represen

tative section is shown in Fig. 1. Qualitatively, there was a

reasonable correlation between BrdU and PCNA immuno

reactivity in the granulation tissue.

The rate of BrdU incorporation in splinted vs. desplinted

granulation tissues for experiment 1 is shown in Fig. 2A.

There was a decrease in the BrdU-positive nuclei in the

desplinted tissue compared to the splinted tissue which was

apparent upon inspection; this decrease is quantified in Fig.

2B. The rate of BrdU labeling in the desplinted group was

50% less compared to the splinted group (for precise

numerical values, see Table 1). In experiment 1, the rate

of BrdU labeling in each section actually was the percentage

of BrdU-positive cells in each section, using the quantity of

propidium iodide (PI)-labeled cells as the denominator. For

each animal in experiment 1, a section of small intestine also

underwent BrdU immunohistochemistry (Fig. 2C) to verify

Carlson
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Table 1

BrdU-labeling rates and statistical tests for experiments 1 and 2

Experiment 1

Splinted Desplinted t-test

% BrdU positive 6.15F 2.45 3.03F 1.58 < 0.0001

nuclei (median 6) (median 3)

PI-labeled nuclei 174F 27 197F 38 < 0.0001

per hpf

Experiment 2 (BrdU-labeled nuclei per hpf)

Splinted Desplinted Desplinted/

released

Mean 33.1F17.4 14.5F 17.1 10.2F 9.1

Median 29 8 7

ANOVA < 0.0001

Comparison Unpaired t-test, p value

Splint vs. desplint < 0.0001

Splint vs. desplint/ < 0.0001

release

Desplint vs. desplint/ 0.0004

release

Means are shown with their standard deviations.

Fig. 3. Whole wound transverse cross sections from experiment 2. (A)

Splinted wound, PWD 6. Arrowheads = lateral extent of granulation tissue.

(B) Desplinted wound, PWD 6 (24 h after desplinting). (C) Desplinted/

released wound, PWD 6 (24 h after desplinting/release). The approximate

location of Fig. 4 images are marked with ‘‘s’’ (superficial region, Fig. 4C)

and ‘‘d’’ (deep region, Fig. 4D). Hematoxylin; bar = 2 mm.
that sufficient BrdU incorporation had occurred. Control

sections not treated with primary antibody did not demon

strate any nonspecific nuclear fluorescence (data not

shown).

The quantity of PI-labeled cells in the splinted vs.

desplinted granulation tissues is also plotted in Fig. 2B.

There was a small increase (f 10%) in the number of PI-

labeled cells per high power field (hpf) which occurred after

desplinting (see Table 1). Although inspection of the stan

dard deviations might suggest that this change was nonsig

nificant, the total number of nuclei counted (f 2� 105) in

this experiment contributed to a significant p value for this

comparison. The biologic implication of this difference is

not clear. A measure of the PI-labeled nuclei in a micro

scopic field of constant dimension also could be interpreted

as the nuclear population density or, more practically, the

cell population density. The wound cross-sectional area

decreased after desplinting (Carlson et al., 2003), so it might

be expected that the cell population density would in

crease—if the total number of cells in the wound remained

constant. Wound desplinting however resulted in wound cell

apoptosis (Carlson et al., 2003); the combination of this and

the decrease in proliferation noted in Fig. 1 might lead to the

prediction that wound cell population would decrease after

desplinting, possibly resulting in a decreased cell population

density. Such a decrease actually was noted previously

(Carlson et al., 2003). The reason a slight increase in cell

population density after desplinting was noted in the present

experiment is not known.

We chose to study the effects of wound splinting on

granulation tissue proliferation during the postwounding

days (PWDs) 5–6 interval. Based on preliminary studies,

this was the earliest time interval in which there was an
established granulation tissue that would contract after splint

removal. The granulation tissue on earlier postwounding

days consisted of an immature inflammatory infiltrate that

did not contract well after splint removal (data not shown).

On the other hand, we did not want to study the effects of

splinting on wound cell proliferation in chronic wounds

either, so an early time point was chosen. Another option we

had in these studies was whether to make each rat its own

control or whether to use separate animals as controls. This

would have required two or three splinted wounds per rat in

experiments 1 and 2, respectively. Considering the wound

size, we did not think it would be reasonable to subject the

rat to multiple, separate excisions. In addition, if multiple

wounds on one animal were utilized, then there may have

been location-dependent variations in granulation tissue

biology. For these reasons, we chose to use one wound (in

a uniform location) per rat.

3.2. BrdU labeling in splinted vs. desplinted vs. desplinted/

released granulation tissues (experiment 2)

Removing the splint is one method to decrease lateral

wound matrix attachment in a splinted wound. The granu

lation tissue, however, still will be attached to the dermal

margin after desplinting, so complete disruption of lateral

attachment would not be accomplished. Lateral wound

Carlson
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Fig. 4. BrdU incorporation in granulation tissue, visualized with colorimetric immunohistochemistry (experiment 2). (A) Splinted wound, PWD 6. (B)

Desplinted wound, PWD 6. (C) Desplinted/released wound, PWD 6 (24 h after desplinting/release); image taken from the superficial region of wound.

Arrowheads indicate clustering of BrdU-positive nuclei typical in this wound region. (D) Same as (C), but image is taken from the deep region of wound.

Bar = 100 Am. (E) BrdU-labeled cells per hpf in the splinted vs. desplinted vs. desplinted/released animals (unpaired t-tests: *p < 0.05 compared to splinted;

**p < 0.05 compared to desplinted). (F) Intestine treated with anti-BrdU.
matrix attachment is important in this model because the

mechanical forces of granulation tissue contraction are

acting in this plane (Abercrombie et al., 1960; Carlson et

al., 2003; Higton and James, 1964; Hinz et al., 2001;

James and Newcombe, 1961). One method to obtain

complete disruption of lateral anchorage is to surgically

incise the interface between the dermal margin and the

granulation tissue (the releasing incision; Abercrombie et

al., 1960); this maneuver potentiated the increase in

apoptosis seen with desplinting (Carlson et al., 2003).

Such an incision introduces platelet release factors, how

ever, which can influence the cell cycle of the wound cells.

After a releasing incision, a large gap will open in the

region between the dermal edge and the granulation tissue

as the former retracts outward and the latter contracts

inward; the organism will fill this gap with new granula

tion tissue over the next 1–3 days (data not shown).
We wanted to test the effect of complete disruption of

lateral wound matrix attachment on BrdU incorporation

by the granulation tissue; in preliminary experiments

using fluorescent techniques, however, it was difficult to

discriminate between an established granulation tissue

(with which we were concerned) and a fresh inflamma

tory infiltrate. In order to improve our ability to make

such a discrimination, we employed colorimetric BrdU

immunohistochemistry with hematoxylin counterstaining.

Whole wound cross sections with this technique are

shown in Fig. 3; these sections were derived from

animals that had been splinted and desplinted (Fig. 3A

and B, respectively), i.e., the same conditions utilized in

experiment 1. In addition, a wound which underwent

splint removal followed by the releasing incision 24

h prior to fixation is shown in Fig. 3C. The BrdU

reactivity was not visible at the low magnification used

Carlson
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in Fig. 3, but importantly, the extent of the established

granulation tissue is readily appreciated.

Using the same time points that were employed in

experiment 1, a second experiment which added a third

group of animals (desplint/release) was performed and

analyzed for BrdU reactivity in the granulation tissue

(Fig. 4). As before, the adequacy of BrdU incorporation

was checked in a section of the small intestine in each

animal (Fig. 4F). There was one animal in the desplint/

release group which did not demonstrate adequate BrdU

immunoreactivity in the crypts of the small intestine; this

animal was dropped from the subsequent analysis. Typical

bright field images of BrdU immunohistochemistry of the

granulation tissue from experiment 2 are shown in Fig.

4A–D. Control sections not treated with primary antibody

did not demonstrate any nonspecific nuclear staining (data

not shown). The distribution of BrdU-positive nuclei in the

splinted and desplinted granulation tissue did not follow

any discernable pattern; however, it was noted that most of

the labeled nuclei in the desplinted/released specimens

were located near the surface of the wound (compare

Fig. 4C and D). This suggested that the conditions of

the of the superficial vs. deep granulation tissues of the

desplinted/released wounds (see Fig. 3C) were different; it

is conceivable that the increased proliferative activity of

the superficial region was secondary to the release of

growth factors from the minor hemorrhage caused by the

releasing incision. A differential analysis of the superficial

vs. deep regions of the wounds was not performed because

investigator bias might have been an issue in the definition

of superficial vs. deep.

Similar to experiment 1, there was a visible difference

in the number of BrdU-positive nuclei per hpf in splinted

vs. desplinted sections in experiment 2 (compare Fig. 4A

and B). There was an f 50% decrease in BrdU immuno

reactivity after splint removal (see Fig. 4E and Table 1), a

result similar to experiment 1. The rate of BrdU immuno

reactivity for the desplint/release granulation tissue was

calculated from a random mix of images from the super

ficial and deep regions of the wound; this mean rate

decreased about 2/3 compared to the splinted value. To

be precise, the quantification of BrdU immunoreactivity

was performed differently in experiments 1 vs. 2; the

percentage of BrdU-positive nuclei was measured in the

former, and the number of BrdU-positive nuclei per hpf

was measured in the latter. Because the change in the total

number of nuclei per hpf was small in relation to the

change in the number of BrdU-positive nuclei in experi

ment 1 (Fig. 2B), we felt justified in simply counting the

BrdU-positive nuclei in experiment 2 and in not including

the total nuclei count (i.e., the denominator in the percent

calculation).

It might be argued that the enhanced effect of the

wound edge releasing incision on wound proliferation was

secondary to the devascularization of the wound. If the

granulation tissue vasculature derived from the lateral
dermal margin, then it would be expected that an incision

through this interface would disrupt the wound’s blood

supply, thereby causing necrosis, apoptosis, and/or quies

cence of the granulation tissue. It has been demonstrated

in this model, however, that the blood supply of the

granulation tissue derives from the loose connective tissue

beneath the wound (i.e., the wound base) and not laterally

(Carlson et al., 2002). So, it is doubtful that wound

ischemia is the cause of the effect seen after disruption

of the wound matrix attachment.

Ideally, the effects of lateral wound matrix attachment on

wound cell proliferation would have been tested in a model

that did not involve a wound splint. Our justification for

using the splint is that it allowed us to rapidly decrease

lateral wound matrix attachment without inciting hemor

rhage. Releasing wound matrix attachment in a nonsplinted

wound typically would involve some sort of incision (Carl

son et al., 2002) which would introduce the confounding

variable of platelet release. As implied in Fig. 4, the addition

of an incision might have affected the distribution of BrdU

positive nuclei. Although we did not break down the wound

into separate regions for analysis, it is likely that the BrdU

immunoreactivity in the deep regions of the desplint/release

specimens was much less than the 10.2 nuclei per hpf

reported in Table 1. Such a low rate of BrdU immunoreac

tivity in wounds with complete disruption of the lateral

attachment would support our primary conclusion that

wound cell proliferation is supported by the attachment of

the wound matrix.

In this report, we found that wound splinting in a rat

excisional wound model modulates the rate of BrdU incor

poration of the granulation tissue during the PWDs 5–6

interval. The relative amount of BrdU immunoreactivity

decreased after removal of the rigid wound splint. Previous

reports demonstrated that desplinting a splinted wound will

induce granulation tissue regression and apoptosis (Aber

crombie et al., 1960; Carlson et al., 2003; James and

Newcombe, 1961), but to our knowledge, an effect on

wound cell proliferation has not been reported. The impli

cation is that the mechanical state of the granulation tissue

influences the cell cycle of the wound cells. This is

consistent with in vitro data which demonstrated that the

rigid attachment of the fibroblast-populated collagen matrix

[FPCM; a three-dimensional culture system which has been

used as a model of wound healing (Bell et al., 1979; Carlson

and Longaker, 2004)] drives proliferation, while the loss of

attachment induces quiescence (Grinnell, 2003; Nakagawa

et al., 1989).
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