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Abstract

13.

A polyvinyl alcohol sponge was implanted in mouse subcutaneous tissue

to investigate two treatments [intermittent hyperoxia (100% oxygen for 90
mins twice a day at 250 kPa) and epidermal growth factor (EGF)] which may
modulate fibroblast infiltration.

Two conditions were established for

treatment: exposure of animals to chronic hypoxia (12% oxygen for 23
hr/day),

simulating low oxygen tensions in problem wounds, and normoxia

(21% oxygen).

In experiments evaluating DGF, sponges were implanted whose

core contained EGF covered with a slow release polymer, the other group
with placebo.

Sponges were harvested at 15, 25, or 32 days after

implantation.

The area of the disc infiltrated by fibroblasts was measured

by planimetry.

After 32 days exposure to hypoxic conditions (7 days before

sponge implantation and 25 days after) EGF slightly increased (NS) the area
of fibroblast infiltration caqmared to placebo under both hypoxic and
normoxic conditions.

No significant differences were observed between the

hypoxically conditioned groups and normoxic controls.

Neither chronic

hypoxia alone nor chronic hypoxia with intermittent hyperbaric oxygen
administered 21-32 days after disc implantation affected the area of
fibroblast infiltration.

DGF significantly increased the area of the

fibrous capsule around small PVA sponges after 15 days under normoxic
conditions.
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1. Objectives

This study examined the effects of hypoxic conditioning, hyperbaric
oxygen treatments, and epidermal growth factor administration on the rate
of fibroblast infiltration into a polyvinyl alcohol (PVA) sponge model of
wound healing using mice.

a)

The specific objectives were as follows:

Determine the effect of hypoxic conditioning on fibroblast

infiltration into the PVA sponge model.
b)

Determine whether hyperbaric oxygen therapy altered the effects

of hypoxic conditioning on fibroblast infiltration.
c.

Determine whether the effects of epidermal gxoth factor (EGF)

on fibroblast infiltration would be altered by hypoxic conditioning.

It was the original intention of the protocol to directly measure
the extent of neovascularization into the IW/A sponge.

It was decided that

measuring fibroblast infiltration into the sponge and using it as an
indirect measure of neovascularization was a more acourate and objective
quantification of response of the wound healing nxdel than actually
measuring the extent of infiltration of individual vessels.

Also the area

of fibroblast infiltration was felt to be a better experimental analogue of
granulation tissue in a wound and thus more relevant to wound healing than
measuremrent of the infiltration of individual vessels.

Originally we planned to use the microcirculatory drug,
pentoxifylline, to examine interactions with hypoxic conditioning and
hyperbaric oxygen therapy with mice.

Because of recent experimental

findings we decided epidermal growth factor was a more promising agent for
wound healing treatments and we used it in place of pentoxifylline to
examine interactions of wound healing with hypoxic conditioning and
hyperbaric oxygen treatments.

2.

Findis

A ccmprehensive statement of the research can be found in the
appendices.

1)

The major findings of this study are summarized as follows:

Conditioning of mice to a hypoxic environment did not effect the

extent of fibroblast infiltration into the polyvinyl alcohol
sponges.
2)

Hyperbaric oxygen exposures did not alter fibroblast

infiltration in hypoxically conditioned animals.
3)

Epidermal growth factor slightly increased the extent of

fibroblast infiltration in hypoxically conditioned animals and
controls.
4)

Epidermal growth factor significantly increased the area of

fibrous capsule around the PVA sponge.
2

5)

Hypoxic orditioning reduced subctaneous tissue oxygen levels.

Whether mice were acutely exposed or dironically conditioned to
hypoxia subcutaneous tissue oxygen levels were approximately half
that of normoxic controls.

No difference was seen between

subcuitaneous tissue oxygen tensions of mice exposed to the hypoxia
for 10 min cumpared to 10 days.

3. Presentations and Publications.

17 April 1991.

Side presentation given to the professional staff of the

Armed Forces Institute of Pathology.

2 October 1991.

Publication of abstract (Appendix A) and poster

presentation delivered to a meeting of the American Physiological Society
held in San Antonio, TX.

Criswell DW, Mehm WJ.

Effect of hyperoxia and

epidermal growth factor on fibroblast infiltration and neovascularization.
Physiologist 1991;34:256.

27 January 1992.

Abstract (Appendix B) submitted for a slide presentation

to be delivered at the meeting of the Undersea and Hyperbaric Medical
Society 23-27 Jun 1992 at Bethesda, MD.

27 January 1992.

Research paper (Appendix C) in final preparation for

submission to the Journal of Hyperbaric Medicine.
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Two additional papers

are in preparation for submission to journals.

One will be the work

presented in the abstract in Appendix B concerning tissue oxygen
measurements and will be submitted to the "Journal of Hyperbaric
Medicine".

Another will concern the effect of hypoxic conditioning and

epidermal growth factor on fibroblast infiltration into PVA sponges in rats
and will be submitted to the journal '"xunds".

4.

Apendi.

Appendix A - Abstract of poster presentation delivered at the 1991
meeting of the American Physiological Society and published in the
Physiologist 1991;34:256.
Appendix B - Abstract submitted for the 1992 meeting of the Undersea
and Hyperbaric Medical Society 23-27 June 1992 in Bethesda, MD.
Appendix C - Research paper prepared for subission to the Journal
of Hyperbaric Medicine.
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Armed Forces Institute
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The objective of this study was to ascertain changes in subcutaneous
tissue oxygen tensions in mice used in an experimental model of wound
healing. We altered tissue oxygen tensions by varying the ambient
oxygen pressure to whichd the mice were exposed. Anesthetized mice were
exposed to 12%, 21%, and 100% oxygen at an ambient pressure of 100 kPa
and to 100% oxygen at 250 kPa. Oxygen tension measurements were made
with a Clark type combination oxygen electrode encased in a syringe
needle. The syringe electrode was inserted through the skin into the
subcutanus tissue in the back of the rouse at the site the polyvinyl
alcohol sponge was implanted in the experimental model. Readings were
recorded 10 min after transfer frcm a normoxic to a experimental
env. -. 'xment. Subcutaneous oxygen tension rose with increasing ambient
oxygen pressure as listed below.
OxQen Ambient Pressure (kPa)
Tissue OxvQem Tensions (mrHg)
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100
19.0 + 1.4
21
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100
93.8 + 9.8
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529.0 + 75.1
To determine if onditioning mice to a hypoxic environment (12% oxygen)
resulted in any difference in tissue oxygen tension compared to acute
exposure, we exposed mice to 12% oxygen for 12 days. No adaptive
response was seen to the onditioning since tissue oxygen levels were
not significantly different between mice conditioned to hypoxia (17.4 +
1.7 mi-g) conpared to the animals acutely exposed to the hypoxia (19.0
+ 1.4 mnHg). Using a simple experimental technique we quantified the
oxygen tensions adieved by the alteration of oxygen pressures.
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Introduction

Tissue damage often results in discontinuity of the body's
integument.

The body must try to repair the discontinuity of a wound by

utilizing existing tissue (wound contraction) or forming new tissue (scar
formation).

Both oxygen (1) and growth factors (2) play a vital role in

the wound healing process.

Oxygen is specifically required by the

fibroblast for the function of dioxygenase enzymes (3) which hydroxylate
proline and lysine residues before extracellular secretion of the collagen
molecule.

These collagen molecules form scar tissue, which bridges the

wound, and also form fibers which provide structural support for blood
vessel ingrawth into the avascular wound.

Growth factors are secreted by

activated macropages, platelets and other cells in connective tissue, and
are responsible for increasing the proliferation of fibroblasts and
endothelial cells in the area of damaged tissue (4).

These fibroblasts

and endothelial cells form the collagen and provide the vascularity for
the tissue ingrowth into the avascular area.
Animal experiments show that reduction of ambient oxygen decreases
wound closure (5) and collagen deposition in polyvinyl alcohol (PVA)
sponges (6).

These experiments also demonstrate an increase of wound

closure rate and collagen deposition with increased ambient oxygen
pressures.

Intermittent hyperbaric oxygen administration inc-eases wound

closure rate in hypoxic wounds but not in normoxic wounds (7). Growth
factor administration has been shown to increase collagen deposition in

PVA sponges in animals (8) and to promote healing in human wounds (9).
Wound healing may be impaired because of reduced blood perfusion
(ischemia),

or tissue hypoxia.

These phenomena are commonly seen in

humans with tissue perfusion problems, such as microvascular disease
(10).

The lack of oxygen at the wound site limits healing because of

reduced collagen deposition necessary for the formation of scar tissue and
new blood vessels (11,12).

Ischemia itself may be responsible for tissue

hypoxia at the wound site and may also limit the supply of nutrients and
inflammatory cells to the wound area, thus impairing tissue repair.
Therapeutic intervention by elevation of the inspired oxygen tension, or
the exogenous administration of growth factors attempts to overcome the
deficiencies responsible for the non-healing wound.
Elevated inspired oxygen tensions and growth factors attempt to
promote the healing of the wound by different mechanisms.

Hyperoxic

treatments attempt to overcome the detrimental effects of tissue hypoxia
resulting from impaired blood perfusion by increasing the extracellular
production of collagen and thus collagen deposition into the wound.
Growth factor administration attempts to use endogenous chemical mediators
to stimulate healing by pramoting the growth of scar and vascular tissue.
Despite research supporting the value of these interventions, their
relative efficacy in treating non-healing wounds has not been precisely
defined.
Although oxygen and growth factors have been shown to alter
neovascularization and collagen deposition in wound healing, their
2

interactive effects have not been examined.

The purpose of this study is

to examine fibroblast infiltration in PVA sponges in mice exposed to a
reduced ambient oxygen pressure, simulating the low tissue oxygen levels
characteristically found in non-healing wourds.

The separate and combined

effects of hypoxic exposures, intermittent hyperbaric oxygen exposures,
and epidermal growth factor (EGF) on fibroblast infiltration will be
OCL ared.

Materials and Methods

Animals: Female 25-30 gm mice (CFl, Harlan Sprague Dawley Co, Ind,
MN)

were used in all experiments to allow the placement of multiple

animals in a single cage without cannibalism.

The mice were given food

and water ad libitium and maintained on a 12 hr light/12 hr dark cycle.
During the experiment the animals were kept in 29 x 19 x 13 cn animal
cages which were placed in ventilated clear plastic boxes for control of
atmospheric gases.

Mice were anesthetized prior to both surgery or oxygen

tension measurement using a subcutaneous injection of ketamine (50 mg/kg)
and xylazine (20 mg/kg).

Euthanasia was preceded by anesthetic injection

and accxinplished by cervical dislocation.
Experimental Model: Polyvinyl alcohol sponges were prepared in our
laboratory and implanted in animals according to the method of Fajarado
(13) as briefly described in the following section.

A 2 cn surgical

incision is made in the left hindquarter of the mouse.
3

A single PVA

sponge disc is surgically inserted into the subcutaneous tissue of each
mouse contralateral to the surgical incision.

The sponge is 13 mn in

diameter by 1 mm thick and is covered on both sides of the disc with a
millipore filter to allow diffusion of extraoellular fluid into the edges
of the disc without cellular infiltration.

The sponge remains in the

animal for the duration of the experiment, is then removed surgically and
fixed in formalin.

The sponge is sectioned, stained with hematoxilyn and

eosin, and examined by morphmetry.

This area of infiltration of the

sponge by fibroblasts is measured by computerized planimetry (TAS Plus,
Image Analysis System, Leicia, Inc, Rockaway, New Jersey).
Tissue Oxygen Measurement:

Subcutaneous tissue oxygen tension

measurements were sampled to confim that tissue oxygen tensions were
altered by exposing mice to hypoxic or hyperoxic environments.

An

implantable Clark type coumbination P02 needle electrode with Ag/AgCl
reference electrode (Diamond Electro-Tech Inc, Ann Arbor, Michigan) was
used to measure tissue oxygen tension.

Measurements of oxygen tension

derived frmn electrical potentials from the electrode were read with a
Chemical Microsensor System (Diamond General Corp, Ann Arbor, Michigan).
These electrodes are encased in a syringe which is inserted through the
skin into the subcutaneous tissue in the back of an anesthetized rouse.
Readings of oxygen tensions were taken 10 min after electrode insertion or
the animal being placed in a different atmosphere.

Readings were obtained

from 5 animals in each experimental group when exposed to their designated
gas environments.
4

Statistical Analysis:
of Variance.

Results were analyzed by the two way Analysis

Probability level for statistical significance was set at p

< 0.05.

Experimental Design: Animals were divided into three experiments as
illustrated in the flow diagram in Fig 1.
Experiment 1 - Effect of intermittent hyperbaric oxygen exposures on
hypoxic mice:

This experiment investigated the effects of intermittent

hyperbaric oxygen therapy on fibroblast infiltration into PVA sponges in
hypoxic mice ccmpared to normoxic controls.

Following sponge

implantation, mice were maintained in normoxic conditions (21% oxygen) for
21 days prior to the exposure to the hypoxic (12% oxygen) condition for ii
days.

This allowed the inflammatory reaction of the mice to encapsulate

and vascularize the sponge, prior to the ingrwth of fibroblastic tissue
into the sponge.

Three experimental treatments within Experiment 1 were

provided (Fig. 1):
1) Hypoxia with intermittent hyperbaric oxygen exposures,
2) Hypoxia alone with sham hyperbaric dives,
3) Normoxia with sham hyperbaric dives.
Animals were sacrificed the day following the last hyperbaric chamber
dive, or 32 days post sponge implantation.
Hypoxic Conditioning Exposures: To lower tissue oxygen tensions to
simulate the low oxygen tensions in non-healing wounds, mice were placed
in a hypoxic environment.

Animals were exposed to a hypoxic atmosphere of

12% oxygen and 87% nitrogen (other trace atmospheric gases 1%) which was
5

produced by blending streams of nitrogen and compressed air with
flcwmeters.

This blend of oxygen deficient (hypoxic) air was fed (1

1/min) into a ventilated clear atmospheric box (18 x 18 x 18 am)
containing the mice in their standard animal cages.

Animals in the

hypoxic conditioning groups were exposed to normoxi, ambient air only for
routine care and experimental manipulation, not exceeding 0.5 hr/day.

Gas

ccuposition in these atmospheric boxes was measured daily to ensure carbon
dioxide levels did not exceed 1%.

Monitoring of the oxygen pressures in

the box revealed readings of 78-83 nmiHg (slightly lower than the 91 mmHg
calculated for 12% oxygen due to metabolic consumption of oxygen by the
mice).
Intermittent hyperbaric oxygen exposures:

Hyperoxic exposures were

administered in specially constructed cylindrical polyvinyl chloride
hyperbaric chambers (0.33 x 0.75 M).
pressurize the chambers.

Medical grade oxygen was used to

Both ascent and descent were performed at a rate

of 50 kPa/min which is a rate comparable to those used for human exposures
in clinical treatments (14).

No untoward effects on the animals were

observed during or following the hyperbaric exposures.
ventilated continuously at a rate of 2 Wmin.

Chambers were

Animals receiving sham

exposures (controls) were placed in chambers ventilated with the gas to
which they were chronically exposed (hypoxic or normoxic air).

The

hyperbaric exposures were administered at a pressure of 250 kPa for a
duration of 90 min twice daily (b.i.d.) over an initial 5 day period
followed by a 2 day break, and then for an additional 4 days of b.i.d.
6

hyperbaric treatments before sacrifice (the 2 day break was designed to
sinulate the weekend treatment breaks experienced during human hyperbaric
treatments).

Mice received a total of 18 dives in a 12 day period.

Experiment 2 - EGF's effect in hypoxically conditioned mice: The
period of hypoxic conditioning was increased to determine if a longer
hypoxic exposure than the one in Experiment 1 would affect fibroblast
infiltration in hypoxic mice.

Mice were exposed to a hypoxic or a

normoxic environment for 7 days prior to and 25 days post sponge
implantation to determine the effect of prolonged exposure to the hypoxic
environment on fibroblast infiltration (Fig 1).
accnplished as described in experiment 1.

Hypoxic exposures were

We examined the effect of EGF

in the wounds by implanting half of the mice in each group wit-h EGF
impregnated PVA sponges.

The EGF was incorporated into the sponge in a

slow release polymer and this was released throughout the course of the
sponge inplantation.

There were four experimental groups:

1) Normoxia with EGF,
2) Normoxia with placebo,
3) Hypoxia with EGF,
4) Hypoxia with placebo.
Epidermal Growth Factor:

Synthetically produced human EGF, fragment

20-31, was purchased from Sigma Chemical Corporation, St. Iouis, MO
(#E-9384).

This EGF possesses the same biological activity as EGF
Prior to incorporation in the sponge

extracted fran salivary glands (15).

implant the EGF was reconstituted to a concentration of 20 ug/ml in
7

phosphate buffered saline.

Epidermal growth factor was incorporated into

a 1.5 mm diameter central core section of the sporge.

Twenty ng of EGF

dissolved in phosphate buffered saline, was absorbed into the pellet,
allowed to dry, and then the pellet was coated with 10 ul of a 5% solution
of the slow release polymer, ethylene-vinyl acetate (Elvax, DuPont).
Controls (placebo treatment) had 20 ul ihoshate buffered saline absorbed
into the pellet, allowed to dry, and then coated with 5% Elvax.
Experiment 3 - BGF and fibrous capsule area: This experiment
examined the ability of the growth factor to affect the size of the
fibrous capsule surrounding the sponge.

To make it easier to separate the

fibrous tissue attached to the sponge fram the surrounding connective
tissue, small sponges were used.

Polyvinyl alcohol sponges were prepared

in an identical manner to the ones described above except they were
approximately 1/3 the diameter (5 mroin diameter) of those used in the
previous experiment. Twenty ng of the BGF was absorbed into the entire
sponge.

The sponge was then implanted in mice maintained in a normoxic

atmosphere for 15 days.

Both the area of fibroblast infiltration and the

area of fibrous encapsulation around the sponge were measured by
planimetry.

Results

Tissue oxygen tension measurement: Subcutaneous tissue oxygen
tension rose in mice exposed to high ambient oxygen pressures and fell in
8

mice exposed to low ambient oxygen pressures.

Ten min after mice were

taken from nonrnxic ocditions and placed in a hypoxic envirorment the
tissue oxygen tensions fell from a mean of 34.8 + 1.7 mnWg to 17.4 + 1.7
xmfig.

When mice were conditioned to a hypoxic envirornt for 12 days

they showed a tissue oxygen tension of 35.8 + 2.0 mnHg 10 min after
exposure to ambient air and the tension fell to 19.0 + 1.4
after being returned back to the hypoxic environment.

unHg 10 min

Mice transferred to

a 100% oxygen envirorment showed their tissue oxygen tensions to rise from
34.6 + 1.4 to 93.8 + 9.8 xnmHg 10 min after transfer to 100% oxygen.
Cellular infiltration of the sponge:

Fibroblasts and blood vessels

infiltrate the cumplex trabeculae of the sponge after implantation in
experimental animals.

Inflammatory cells, leukocytes and macrophages,

advance through the cxmplex trabeculae of the sponge toward the center and
are followed by an ingrowth of tissue consisting of fibroblasts and
collagen fibers.

This fibroblastic tissue infiltration forms a ring of

tissue which penetrates through the free edges of the sponge toward the
center of the sponge.

This ring of tissue advances toward the center of

the sponge with increasing time after implantation in the experimental
animal.

The ring of fibroblastic tissue infiltrating the sponge is the

region measured by planimetry.

Surrourding the sponge is a capsule of

fibrous tissue containing blood vessels.
Experiment 1 - Intermittent hyperbaric oxygen exposures effect on
hypoxic mice:

The graph in Fig. 2 shows the extent of fibroblastic tissue

infiltration into the sponge 32 days after implantation.
9

Normoxic

controls adieved an area of 36.3 + 3.2 ram2 infiltration into the sponge.
No significant differences were seen in the area of fibroblastic
infiltration in hypoxic mice (35.4 + 4.7 m2) compared to normoxic
controls nor between hypoxic mice receiving intermittent hyperbaric oxygen
treatments (34.7 + 4.8 mn2) and the normoxic controls.
Experiment 2 - EGF's effect on hypoxically conditioned mice: When
the sponges were removed from the animals 25 days after implantation, the
animals treated with EGF demonstrated slightly increased (NS) areas of
fibroblast infiltration ccmpared to placebo.

This was true both in

animals conditioned to hypoxia for 7 days before and 25 days after sponge
implantation (18.0 + 2.5 ni2 for BGF vs 24.2 + 2.5 uma

for placebo) and

normoxic animals (20.2 + 2.6 an2 for BGF vs. 23.8 + 1.43 mn2 for placebo).
The increase was consistent in both hypoxic and normoxic groups but the
increase was not significantly different.

Mice exposed to hypoxic

conditioning did not have different areas of fibroblast infiltration from
normoxic controls either in the BGF treated or the placebo group (Fig 3).
Experiment 3 - BGF and fibrous encapsulation: The smaller (5 nim2
diameter) EGF treated sponges implanted in mice exposed to normoxic
conditions had a slightly greater (NS) area of fibroblastic tissue
infiltration than the placebo group (3.4 + .2 nn2 for EGF vs 2.9 + 0.2 rmn2
for placebo).

However, DGF administration significantly (p < 0.05)

increased the area of fibrous encapsulation around the sponge (Fig 4)
ccrpared to placebo (13.0 + 2.4 mm2 for EGF vs 6.8 + 2.1 nm2 for placebo).

10

Discussion

Using the experimental model employed in this study, hypoxic
conditioning did not change the area of fibroblast infiltration into PVA
sponges coapared to normoxic controls.

Although systemic hypoxia

conditioning reduced mouse subcutaneous tissue oxygen tension by
approximately one-half, the area of fibroblast infiltration into PVA
sponges was not altered when conpared to controls.
Previous experiments have revealed low tissue oxygen tensions, such
as those found in wounds, can have both stimulatory and inhibitory effects
on asnects of the wound healing process.

Reducing the oxygen tension in

tissue culture media fran 20% (160 nmHg) to 2.5% (40 mrnHg) dramatically
increases both the proliferative rate of human diploid fibroblasts in
tissue culture and their proliferatory response to EGF and platelet
derived growth factor (16).

Intermittent exposure of rats to severe

systemic hypoxia increased collagen deposition in experimentally produced
granulation tissue (17).

The previously mentioned experiments provide

evidence for hypoxia as stimulants of aspects of the wound healing
process, but other studies show high oxygen tensions are necessary for and
can stimulate wound healing, while low oxygen tensions inhibit wound
repair.

The closure of wounds and the formation of scar tissue involve

oxygen dependent processes.

The secretion of collagen by fibroblasts into

the extracellular matrix requires oxygen-dependent enzymatic hydroxylation
11

of the intraoellular precursor of collagen, procollagen (18).

The rate of

this hydroxylation and subsequent collagen production and secretion by the
fibroblast is inhibited by low oxygen tensions and favored by high oxygen
tensions (19).

In fact, the optimal oxygen tension for collagen

production by transformed mouse fibroblasts was found to be 80 xmTig (20).
Lowering the oxygen tension can inhibit wound healing.

For example,

chronic exposure of rats to hypoxic air decreased wound closure rate of
full thickness skin wounds (5).

Collagen deposition into cellulose

sponges in rats was found to be inhibited by hypoxic air and increased by
hyperoxic air (6).

The differing data found in the literature show that

lowering the tissue oxygen tension may have radically different effects on
this aspect of the wound healing process.
A possible explanation for these conflicting results may be related
to difficulties in actually determining the nature of the cellular
microenvirorment of cells and their optimal oxygen environment.

Low

oxygen tensions may be required to activate certain cells in the wound
healing process, while the function of other cells may be impaired by low
oxygen tensions.

As shown in the wournd healing module (12),

there are

zones of actively metabolizing tissue which consume oxygen in regions of
variable vascularity due to areas of intense angiogenesis.

This creates

several zones in the wound healing module where there are widely varying
oxygen tensions due to varying metabolic rates and varying amounts of
blood perfusion.

It is therefore difficult to determine the exact oxygen

level to which cells involved in the wound healing process are exposed and
12

thus predict optimal oxygen tensions for function of these cells.
Non-healing of human wounds is often associated with low oxygen
tension in the area of the wound.

This low tissue oxygen tension may be a

consequence of inadequate blood perfusion, which results in inpaired oxygen
delivery to the tissue and thus low tissue oxygen tensions, or the low
oxygen tension may itself be the primary factor responsible for failure of
the wound to heal.

Whether impaired closure of wrnds is primarily due to

inadequate perfusion or to low tissue oxygen tension, there is definitely
an association of low oxygen tension with inpaired closure of human wounds
(21).

In this study we suspect that systemically induced hypoxia did not

reduce tissue oxygen tensions to a level cmparable to that seen in human
patients with non-healing wounds.

Humans with non-healing wounds may have

tissue oxygen tensions as low as 5-10 nmlfg (22) whereas we were only able
to reduce tissue oxygen tension to the 15-20 miHg range by reducing ambient
oxygen pressure.

It may be that in tissue with adequate blood perfusion

the lowering of tissue oxygen tension has little effect on the extent of
fibroblast infiltration into the PVA sponge or other aspects of the wound
healing process.
Human patients with non-healing wounds often undergo hyperbaric oxygen
therapy in an effort to correct the tissue hypoxia in the area of the wound
and thus promote healing (23).

We did not find an effect of intermittent

hyperbaric oxygen on the rate of fibroblast infiltration into PVA sponges
of hypoxically conditioned mice.

This can be explained because the

systemic hypoxia did not produce a decrement it. fibroblast infiltration.
13

Hyperbaric oxygen therapy is generally employed to correct the detrimental
effect of the tissue hypoxia and not used to stimulate the normal healing
process (14).

The intermittent hyperbaric oxygen exposures most likely did

not affect fibroblast infiltration in this study because the tissue oxygen
levels were not limiting the extent of fibroblast infiltration in this
experimental model, and thus there was no need for correction of the tissue
hypoxia.

Although no effect of intermittent hyperbaric oxygen was seen in

this study, it is quite possible that intermittent hyperbaric oxygen
exposures may have other effects on the wound healing process, such as
affecting the density of fibroblastic growth or the amount of collagen
deposition in wounds.
Epidermal growth factor increased the rate of fibroblast infiltration
into and the area of fibrous encapsulation around the PVA sponge model.

The

effects of the EGF on fibroblast infiltration were seen in mice maintained
in both hypoxic and normoxic environments.

Corditioning of the animals to a

hypoxic environment did not alter the effect of the BGF on fibroblast
infiltration into the sponge.
Epidermal groth factor's effect on fibroblast infiltration and
encapsulation of the sponge may be related to its stimulatory effect on
cells in the wound healing process.

In tissue culture, EGF stimulates

fibroblast proliferation as well as migration and proliferation of epidernal
cells (24).

Epidermal growth factor has also been show to increase the rate

of epithelization in split thickness skin wounds of humans (9).

Epidermal

growth factor applied in a slow release polymer in this study may have
14

stimulated the division of fibroblasts which promoted their migration
through the trabeculae of the PVA sponge.

These cellular effects of DGF on

fibroblasts resulted in an increased extent of fibroblast infiltration into
the sponge.

This increase by EGF on fibrcblast infiltration into PVA

.ponge: has been noted previously in this WVA sponge model (25) and others
(8).
In this study, the chronic systemic hypoxia did not alter EGF's effect
on fibroblast infiltration.

The stimulation of the wound healing process by

EGF may have increased the metabolic consumption of oxygen by cells, thus
removing available oxygen and making the tissue more hypoxic at the wound
site.

Lowered oxygen tensions did not limit the extent of fibroblast

infiltration at the level of stimulation of fibroblast infiltration we
achieved with EGF .
The fact that EGF had a more dramati c e-fect on the size of the fibrous
capsule than of the infiltration of fibroblastic tissue into the sponge my
relate to the encapsulation of the sponge

nirQ d more valid indicator of

stimulation or inhibition of wound healing by experimental treatments.

This

reinforces previous studies which have suggested a need for modification of
PVA sponge models (26) to incorporate the examination of parameters besides
infiltration into the sponge.

The area of encapsulation around PVA sponge

implants has not been examined previously because it is difficult to
objectively and accurately dissect the fibrous capsule around the sponge
from the surrounding tissue.

New experimental techniques employing WA

sponges encased in Gore-Tex tubing eliminate this difficulty (27) and my
15

provide a more reliable and onsistent technique for examining the response
of experimental animals to PVA sponge implantation.
The results of this study do not support the use of either
intermittent hyperbaric oxygen or growth factors as agents which might
increase the rate of fibrcblast infiltration in this experimental model of
wound healing.

It is quite possible both intermittent hyperbaric oxygen

exposures and EGF may be effective in increasing fibroblast infiltration
in hypoxic wounds.

More severe hypoxic conditions than those created in

our experimental model may be required to fully determine the role of
hyperbaric oxygen treatments in severely hypoxic wounds.

Epidermal growth

factor's increase of the area of the fibrous capsule around the PVA sponge
supports it's

stimulatory effect on connective tissue growth in this

experimental model.

New experimental techniques and examination of other

aspects of the wouxd healing process are needed to provide more definitive
information concerning the value of growth factor administration and
hyperbaric oxygen treatments in the resolution of hypoxic wounds.
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Legends

Fig. 1 Flow diagram of the experimental design.

Fig. 2
sponges.

Effect of hypoxia (12% oxygen) on fibroblast infiltration into WvA
Hypoxic and hyperoxic exposures were administered between 21-32

days after sponge implantation.
implantation.

Vertical bars represent the mean + SE.

significantly different.

Fig. 3

Sponges were harvested 32 days after
Groups are not

Values represent mean + SE (n = 6-7).

Effect of EGF on fibroblast infiltration into PVA sponges

iplanted in animals in hypoxic (12% oxygen) and normoxic (21% oxygen)
environments.

Animals were exposed to the hypoxia for 7 days prior to and

25 days after sponge implantation.
implantation.

Sponges were harvested 25 days after

Values represent mean + SE

(n = 6-14).

Fig. 4 Effect of EGF on fibrous infiltration and encapsulation of 5
diameter PVA sponge.

Tm

Sponges were harvested 15 days after inplantation.

The area of tissue infiltrating the sponge was measured as well as the
total area arournd the sponge encapsulated by fibrous tissue.

The area of

encapsulation of the EGF treated sponges were significantly different from
placebo (p < 0.05).

Values represent mean + SE (n = 7).
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