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ABSTRACT 

 

Chronic wound infections have a profound effect on the morbidity and mortality 

of a large patient population and cost billions of dollars in direct medical costs annually 

in the United States. Chronic wound infections are typically polymicrobial and biofilm-

associated, however little is known about how they affect the host immune system and 

impair the healing process.  This project was designed to compare single versus 

polymicrobial biofilm infections in a murine chronic wound model.  We hypothesized 

that multispecies bacterial biofilms, or communities of bacteria that reside in a 

polysaccharide shell, contribute to the severity and antibacterial resistance of wounds. 

To test this hypothesis we developed a chronic-wound mouse model to determine the 

ability of multispecies bacterial biofilms to increase wound chronicity in biofilm-

associated infections.  Multispecies biofilms consisting of both gram negative and gram 

positive strains, as well as aerobes and anaerobes, were grown in vitro and then 

transplanted onto the wounds of mice.  These in vitro-to-in vivo multispecies biofilm 

transplants generated polymicrobial wound infections, which remained heterogeneous 

with all four bacterial species throughout the experiment.  In support of our hypothesis, 

we observed that wounded mice given multispecies biofilm infections displayed 

impaired wound healing over non-infected mice, or mice infected with a single species 

of bacteria. In addition, the bacteria in the polymicrobial wound biofilms displayed 
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increased antimicrobial tolerance in comparison to those in single species biofilms.  

These data suggest that synergistic interactions between different bacterial species in 

wounds may contribute to healing delays and/or antibiotic tolerance. 
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CHAPTER I 

INTRODUCTION 

 

Bacterial biofilms 

 Since their discovery, biofilms have been vastly researched by engineers, 

microbiologists, dentists, and investigators in other scientific fields [1-3]. Biofilms are 

defined as communities of sessile bacteria attached either to a surface or to each other 

and encased in an exopolysaccharide matrix [4]. Living in this community confers many 

different properties to these bacteria not normally possessed by being free floating, 

planktonic organisms. Within a biofilm context, bacteria have an increased resistance to 

antibiotics and the host immune system [5]. In addition, these communities are 

generally polymicrobial. This polymicrobial make-up allows anaerobic bacteria to grow 

in an aerobic context [4]. 

 Sauer et al. [6] have shown that biofilm development occurs in five stages. The 

five stages of development are defined as:  (i) reversible attachment, (ii) irreversible 

attachment, (iii) maturation-1, (iv) maturation-2, and (v) dispersion [6]. Reversible 

attachment occurs when the bacteria make contact with a surface, and reversible 

attachment is enhanced by the presence of flagella [6]. Irreversible attachment then 

begins as cells lose their flagella and form a monolayer on the surface [6]. The 
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maturation-1 stage is described as the production of the extracellular matrix and a 

change in the architecture of the biofilm with cluster thickness being greater than 10 µm 

[6].  Maturation-2 is the stage in which the biofilm will reach its maximum thickness of 

up to 100 µm [6]. The final stage of dispersion is when bacteria can be seen detaching 

themselves from the biofilm and swimming away. It is also in this final stage that pores 

and channels are formed [6]. 

 The production of an exopolysaccharide (EPS) extracellular matrix is important to 

the formation of the biofilm.  The composition of the extracellular matrix is as diverse as 

the bacteria that make up the biofilm. The matrix is composed of extracellular DNA, 

dead cells, and components that are secreted by the cells such as carbohydrate-rich 

polymers and proteins [7]. The extracellular matrix also provides resistance to 

antibiotics [5], and water channels to deliver nutrients and expel waste. 

 

Biofilms in wounds 

Different types of wounds are seen clinically, which can be either acute or 

chronic. Acute wounds, such as surgical incisions, lacerations or burns, are those that 

heal in a timely fashion and retain their functional integrity [8]. Chronic wounds are 

described as persistent, slow-healing wounds that can remain open several months or 

longer and may result in loss of function [8]. Biofilms have been found as infectious 

entities in both acute and chronic wounds [1, 9, 10]. 
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Burn wounds are one of the more extensively studied acute wounds that have 

been shown to harbor biofilms. The gram-negative opportunistic pathogen 

Pseudomonas aeruginosa is one of the primary, biofilm-associated bacterial species that 

has been studied in burn wounds [9]. Using a mouse burn wound model, Schaber et al. 

demonstrated that P. aeruginosa formed alginate-associated biofilms within 8 hrs of 

infection preferentially around adipocytes and blood vessels [9].   

 Many different types of chronic wounds have been shown to harbor biofilms. For 

example, biofilms have been imaged in diabetic foot ulcers, venous leg ulcers, and 

pressure ulcers [10, 11]. In a landmark paper, Dowd et al. used different molecular 

sequencing techniques to identify the bacterial species infecting these different types of 

chronic ulcers [11]. The results of the molecular detection were compared to those 

obtained by the traditional culturing methods used in most clinical microbiology 

laboratories.  While culturing techniques detected 12 different genera populating the 

wounds, the molecular methods used revealed up to 106 different bacterial genera [11]. 

It was also revealed that a majority of the bacteria populating these wounds were strict 

and facultative anaerobes, many of which were not detected by standard culture 

techniques [11]. 
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Bacterial synergy in biofilms 

 Most chronic wounds have been reported to be polymicrobial in nature [10, 11] 

and the relationships between bacteria in polymicrobial infections has been studied for 

many different bacteria [12-14]. The focus of many of these polymicrobial studies has 

been to determine the synergistic effects of aerobes on anaerobes and vice versa. 

Synergy can be defined as “the cooperative interaction of two or more bacterial species 

that produces a result not achieved by the individual bacterium acting alone” [15]. 

These published studies have shown that anaerobes stand to gain many synergistic 

benefits from aerobes. For example, it’s hypothesized that aerobic bacteria lower local 

oxygen concentrations and the oxidation-reduction potential, allowing for the growth of 

anaerobes [14].  Aerobes also benefit from anaerobes.  For example, Ingham et al. 

demonstrated in vitro that anaerobes interfere with the phagocytosis of aerobes [16]. 

Using a mouse model that implied subcutaneous abscesses were induced in mice, 

Brooke demonstrated that anaerobic Bacteroides species are able to enhance the 

growth of other organisms, including P. aeruginosa and S. aureus [17].  Shinzato et al. 

demonstrated in a mouse model of pneumonia that mixed infections of Streptococcus 

milleri and anaerobes increased the mortality of mice compared to those of 

monomicrobial infections [18].  

 Very little is known about the synergy between organisms in a mixed biofilm 

infection. In a study of bacterial biofilms essential to the growth of a marine alga Ulva 
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australis, Burmolle et al. isolated 17 different bacterial strains from the surface of this 

plant.  Utilizing 96 well plates, they examined the growth of single and mixed species 

biofilms.  They saw that the biofilm formation of nearly all the mixed species was 

significantly greater than any of the single-species biofilm [19]. It was also observed that 

the four species biofilm had an increased resistance to antibacterial agents [19]. 

Another area of biofilm research where synergy has been observed is oral biofilms. 

Sharma et al. demonstrated in vivo that Fusobacterium nucleatum and Tannerella 

forsythia are able to form weak biofilms alone, but when grown in mixed culture there is 

significantly enhanced biofilm formation [20].  Additionally, Leriche et al. demonstrated 

a protective effect against a chlorinated alkaline solution among three bacterial strains 

in vitro [21]. 

 

Biofilm model systems 

There have been many different in vitro and in vivo models developed in order to 

study biofilms [12, 22-24]. The first models developed were in vitro flow cell 

apparatuses [22]. These models allowed for the continuous flow of media over bacteria 

adhered to a glass slide inside a flow cell.  Different environmental conditions can be 

mimicked by altering the media composition, temperature and flow-rate to which the 

bacteria in the flow cells are exposed.  However, these systems are primarily used to 

investigate issues regarding industrial, rather than medical, biofilms [25].  In vitro model 
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systems have also been designed to mimic several biofilm-related infections, including 

oral, ocular, catheter-related, and ear infections [23, 24, 26].  One main purpose of 

these in vitro studies has been to study the basic adherence of bacteria in these 

different infection scenarios and to evaluate methods of inhibiting this adherence [24].  

Thus, the emphasis of these in vitro models is to grow biofilms on surfaces that more 

closely resemble those found in the actual infection.  

In vivo models mimicking many biofilm-related infections are becoming 

increasingly utilized.  Models mimicking dental caries, endocarditis, pneumonia, keratitis 

and otitis media have been developed in many species of animals from rodents and 

chinchillas to goats [25].  There are also emerging in vivo models to study biofilms in 

wounds [9, 27, 28]. As previously mentioned, Schaber et al. used a thermally-injured 

mouse model to study the effect of P. aeruginosa biofilms in acute burn wounds.  

Utilizing a chronically-wounded mouse model, Watters et al. demonstrated that biofilms 

were more prevalent in the wounds of diabetic mice versus non-diabetic mice and had 

greater resistance to antimicrobials [27]. Schierle et al. have shown that S. aureus and 

Staphylococcus epidermidis biofilms significantly delayed wound reepithelialization in a 

splinted cutaneous punch wound mouse model [28].  
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Biofilm-related resistance 

 Antibiotics are a very common treatment for bacterial infections. However, 

many bacteria have developed mechanisms, such as mutations in antibiotic targets or 

efflux pumps that actively remove antibiotics from the cell, which make them resistant 

to currently used antibiotics [29]. Bacteria in biofilms have also been shown to have a 

100 to 1000-fold increase in their antimicrobial resistance in vivo [30], which has been 

studied extensively. The traditional mechanisms of resistance mentioned above are not 

thought to be responsible for biofilm-related resistance. Instead, there are three 

hypothesized mechanisms of resistance unique to biofilms [5]: the poor ability of 

antibiotics to penetrate the biofilm EPS [5] ;  an altered chemical environment within 

the biofilm, including drug-concentration heterogeneity [5] ; and the ability of bacteria 

to significantly slow down metabolism, becoming essentially dormant, so that 

antibiotics targeting specific metabolic pathways are rendered ineffective [5] . 

 

Analysis of biofilms in situ  

As molecular analysis improves and more chronic wounds are analyzed, it is 

becoming more apparent that traditional culture analysis to determine if bacteria are 

present in wounds is outdated [31]. An emerging tool to survey wound populations is 

microscopy [31].  The use of this tool allows researchers to identify bacteria and 

determine where they grow in relation to each other and host features. Two of the most 
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common methods of biofilm visualization are fluorescence in situ hybridization (FISH) 

and immunohistochemistry (IHC). 

FISH employs the use of oligonucleotide probes that are covalently linked to a 

fluorescent dye and targeted to specific regions of DNA [31].  Many different 

fluorophores can be used including Cy3 and Cy5 [32]. These fluorescent probes are 

hybridized to preserved sections of biofilm-infected tissues [31].  After excess probe is 

washed away, the location of the bound probe can be visualized with fluorescent 

microscopy.  While FISH will not identify unknown species of bacteria in a given sample, 

it can be used to differentiate between species in tissue infected with known organisms.  

For example, Thurnheer et al. used FISH to visualize in vitro biofilms composed of six 

different bacterial strains commonly found in oral biofilms [33].  Likewise FISH can be 

used to determine the spatial relationship between bacteria in biofilms and host tissue 

architecture.  For example, Schaber et al. used Cy3-labeled oligoneucleotide probes that 

corresponded to the P. aeruginosa 16S ribosomal subunit to visualize P. aeruginosa 

biofilms surrounding blood vessels in mouse burn wounds [9].  

 IHC is a process very similar to FISH, except that it uses antibodies that are 

directed towards specific antigens. For biofilm study the antigens used are often 

components of the extracellular matrix, such as alginate [9]. These antibodies are either 

directly conjugated to a fluorophore (direct IHC), or a secondary antibody targeted 

towards the primary antibody is conjugated to a fluorophore (indirect IHC). The steps 
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involved in IHC are similar, except for hybridization of probes. With indirect IHC an 

additional hybridization and washing step are required for the secondary antibody. 

 

The host response to wound biofilms 

 Efficient wound healing consists of different stages, the first of which is 

inflammation. Inflammation is directed primarily by polymorphonuclear cells (PMNs) 

and macrophages, which are recruited into the damaged or infected tissues by 

chemokine signals [34].  These immune cells release cytokines in order to direct 

inflammation, which is an essential first response to invading bacteria.  While 

inflammation is crucial to preventing infection, prolonged inflammation can suppress 

effective wound healing [35-37]. 

After resolution of the inflammatory phase, the cells adjacent to the damaged 

area initiate a cascade of events during which there is significant proliferation and 

migration of dermal and epidermal cells.  This coupled with matrix synthesis, fills in the 

wound gap and reestablishes the skin barrier [35, 37].  Lastly, tissue remodeling, which 

includes the deposition of matrix proteins, along with cellular differentiation of 

progenitor cells into fibroblasts and keratinocytes, is essential to recover functional 

dermal tissue [35, 38]. 

While there is little doubt that biofilms are present in wounds, controversy 

remains whether or not they affect healing or immune responses.  It has been proposed 
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that the presence of biofilms in wounds impedes the natural healing process for a 

variety of reasons including acting as a mechanical barrier that impedes re-

epithelization, stimulating a chronic state of inflammation and providing protection 

from endogenous and exogenous antimicrobial agents [39, 40]. However, in a recent 

editorial, Singh and Barbul wrote, “All open wounds are colonized by microorganisms, 

and chronic wounds especially so. Once the bacterial burden reaches a certain level, the 

healing process becomes impaired, but the question remains whether bacterial 

colonization is a causative factor in the failure of chronic wounds to heal and whether 

the biofilm state contributes to this pathology” [41].  Experimental data are also 

contradictory.  Kanno, et al. recently demonstrated that although P. aeruginosa formed 

biofilms in the acute wounds of rats, infection did not correlate with a delay in re-

epithelialization [42]. Therefore, it is clear from the literature that the study of chronic 

wound biofilms is in its infancy and significant gaps in knowledge exist. It is also clear 

that better models, which more closely represent the polymicrobial nature of chronic 

wounds, will greatly improve the chances of gaining meaningful conclusions regarding 

the effects these biofilms have on healing and host response.   
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CHAPTER II 

MATERIALS AND METHODS 

 

Bacterial strains, media, and growth conditions 

 Pseudomonas aeruginosa, strain PAO1 [43], was routinely grown at 37°C 

overnight in Luria Bertani (LB) broth with aeration.  Staphylococcus aureus Mu50 (ATCC 

number: 700699) was grown at 37°C overnight in LB broth with aeration.  For mouse 

infections, all overnight cultures were subcultured for 3 hours at 37°C in LB broth with 

aeration to an OD600 of approximately 0.9.  For mouse infections, subcultured bacteria 

were serially diluted in serial phosphate buffer saline (PBS).  For in vitro polymicrobial 

biofilms, P. aeruginosa PAO1 (ATCC number: BAA-47), Enterococcus faecalis V583 (ATCC 

number: 700802), Finegoldia magna (ATCC) and Staphylococcus aureus Mu50 (ATCC 

number: 700699) were all grown overnight at 37°C in tryptic soy broth (TSB) with 

aeration in atmospheric oxygen levels for aerobes and under anaerobic conditions for 

anaerobes. 

 

Growing polymicrobial biofilms in vitro 

 The in vitro biofilms used in our experiments were grown by the Medical Biofilm 

Research Institute (MBRI). Polymicrobial biofilms, comprised of P. aeruginosa, S. aureus, 

E. faecalis, and F. magna were grown at 37°C with shaking (1.5721875 x g)  in glass 
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tubes containing Bolton broth with 50% plasma and 5% freeze-thaw laked horse red 

blood cells, as previously described [44].  Briefly, 10 μL of each culture, that was 

normalized to 1x106 colony forming units (CFU)/mL, was inoculated into the glass tubes.  

The pipette tip containing the bacterial solution was ejected into the media and acts as 

the surface upon which the biofilm grows.  Biofilms were typically grown for 2 days 

under these conditions before inoculation on mouse wounds.   

 

Chronically-wounded mouse model 

As previously described [27, 45, 46], the chronically-wounded mouse model was 

used to examine P. aeruginosa and polymicrobial biofilm infections.  Mice were 

anesthetized using 0.02 mL per gram weight of mouse of Nembutal stock (5 mg/mL) and 

shaved to expose their back.  Nair® was applied to the backs of the mice for 5 minutes 

to remove any excess hair.   As a preemptive analgesic, 0.05 mL of lidocaine (500 µL of 

bupivacaine [0.25%] with 500 µL of lidocaine [2%] in 9 mL of sterile water) was injected 

subcutaneously in the area to be wounded.   A 1.5x1.5 patch of skin was then excised in 

a circular pattern creating a full thickness wound.  The wounds were covered with a 

transparent, semipermeable polyurethane dressing (OPSITE, Smith and Nephew) which 

allowed for daily inspection of the wound, wound size determination, topical application 

of bacteria onto the wound, and protection from other contaminating bacteria.  For 

antimicrobial tolerance studies sterile gauze bandages were placed on top of the 

infected wounds, prior to the OPSITE dressing. 
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In vitro-to-in vivo biofilm transplants 

 In vitro polymicrobial biofilms were grown up as described previously at the 

MBRI.  These biofilms were removed from the glass tubes and placed in a petri dish 

containing sterile PBS.  Each biofilm underwent two washes with PBS in order to remove 

planktonic bacteria.  The biofilms were then cut into equal pieces and weighed.  Each 

piece was transplanted onto the top of a chronic wound.   The wounds were then 

covered with a transparent, semipermeable polyurethane dressing (OPSITE). 

 

Measuring wound closure 

 At 4, 8 and 12 days post-infection mice were anesthetized and wound closure 

was assessed.  Each wound was numbered and photographed with a ruler to ensure the 

results were not affected by the magnification of different pictures.  The images were 

then analyzed in Adobe Photoshop to determine the wound area.  The percent wound 

closure was then determined using the following equation: (A0-At)/A0 x 100, where A0 is 

the wound area on day 0 of the surgery and At is the area of the wound on the day of 

observation. 
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Determining antimicrobial tolerance 

 Mice were anesthetized, given chronic wounds as described above, and infected 

with either planktonic P. aeruginosa or a section of in vitro polymicrobial biofilm.  A 

sterile gauze bandage was placed on top of the wound, and then covered with an 

OPSITE bandage.  Wounds were monitored for four days and then the mice were 

euthanized.  The bandages were removed, cut into 3 equal sections and weighed.  One 

section was submerged in 100% bleach for 20 minutes, one into a 200 μg/mL solution of 

gentamicin for 5 hours, and one into sterile PBS for 5 hours.  Bleach and gentamicin 

treatments were neutralized by submerging the samples in sodium ascorbate and Dey-

Engley broth respectively for 10 minutes.  Bandages were then transferred to sterile 

glass homogenization tubes containing 1 mL PBS.  Samples were homogenized and 

vortexed for 30 seconds, then 100 µL was sent to the MBRI for realtime PCR analysis. 

 

Visualization of in vivo biofilms 

 Tissue preparation 

 At different time points during the experiments, mice were euthanized and 

tissue sections within the wound bed were harvested and placed in formalin.  Formalin-

fixed tissue samples were sent to the Department of Pathology at TTUHSC for paraffin 

embedment and thin sectioning.  Some sections were stained with hematoxylin and 

eosin (H&E) to visualize bacteria.  In our laboratory thin sections mounted on glass slides 
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were deparafinized by washing 3 times in fresh xylene for 5 minutes each.  Slides were 

then washed 2 times in 100% ethanol for 5 minutes each, once in 95% ethanol for 3 

minutes, and once in 70% ethanol for 3 minutes.  Slides were then washed once in PBS 

for 5 minutes.  To expose epitopes, slides were microwaved in 1 X 0.01 M NaCitrate 

buffer, pH 6.0, for 15 minutes, and then washed once in PBS for 10 minutes.  Proteinase 

K treatment was also performed to aid in exposing probe targets.  Two µl of proteinase 

K stock (10 mg/ml) was added to 1000 µL of PBS.  An aliquot (75 – 100 µL) of the 

working proteinase K solution was then placed on each sample, and samples were 

incubated at room temperature for 15 minutes.  After incubation, samples were washed 

once in PBS for 4 minutes. 

 

Fluorescent in situ hybridization (FISH) 

 Cy3 and Cy5 labeled oligonucleotides (Table 1) were purchased from Integrated 

DNA Technologies®.  Lyophilized oligonucleotides were solubilized in sterile water to a 

concentration of 1 μg/μL.  Probes were then stored at -20°C in 2.5 μL aliquots to avoid 

repeated freeze/thaw cycles. For each de-parafinized section, 1.25 μL of probe was 

added to 10 μL of hybridization buffer and pipetted on top of the tissue.  Hybridization 

buffer was prepared fresh for every use at a total volume of 1500 μL.  We used a 

hybridization buffer of 30% stringency that contained 270 μL of 5M NaCl, 30 μL of 1M 

Tris/HCl, 1.5 μL of 10% SDS, 450 μL of formamide and 750 μL of dd-H2O.  Samples were 
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then covered with a glass cover slip and incubated in a humid chamber (Falcon tube 

with moist Kimwipe covering the bottom) at 45°C for 2 hours.  

 Slides were then removed from the humid chamber and rinsed with the washing 

buffer until the cover slip slid off. Washing buffer was prepared fresh for every use to a 

total volume of 50 mL per slide.  We used a washing buffer of 30% stringency that 

contained 1020 μL of 5M NaCl, 1000 μL of 1M Tris/HCl, 50 μL of 10% SDS, and 47.93 mL 

of dd-H2O per slide.  Washing buffer was pre-warmed to 45°C before use, the same 

temperature as probe hybridization. 

Slides were then submerged in the wash buffer for 20 minutes.  After 20 

minutes, slides were rinsed (front and back) with deionized water without spraying the 

samples directly.  Slides were then dried for 5 minutes at room temperature.  For 

visualization, 6 μL of mounting solution was placed on the sample.  Mounting solution 

was made by mixing 0.5 μl of 4',6-diamidino-2-phenylindole (DAPI) (1 mg/mL) in 500 μL 

ProLong® Gold antifade reagent (Invitrogen).  Glass cover slips were placed on each 

sample. 

 

Image analysis 

Slides were analyzed using a Nikon Eclipse 80i microscope equipped with a Nikon 

Intensilight C-HGFI for fluorescence. Images were captured utilizing the Nikon Digital 

Sight DS-Fi1 and imaged with NIS Elements 3.0.  When capturing the images it was 

necessary to adjust settings such as exposure or gain in order to reduce background or 
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enhance clarity.  Final images contained overlays of multiple image captures.  Since we 

were utilizing multiple probes and stains, it was necessary to capture the image on each 

channel specific to the probes or stain. These captured images were then overlaid for 

further analysis. 

Table 1 – FISH probes 

16s Target Label Oligonucleotide 
Universal FISH probe Cy3 5’-ACT GCT GCC TCC CGT AGG AGT T-3’ 
P. aeruginosa Cy3 5’-GCT GGC CTA GCC TTC-3’ 
S. aureus Cy5 5’-GAT TCG TCT AAT GTC GTC CTT TG-3’ 
F. magna Cy3 5’-GCA TAA AAT CGT AGA A-3’ 
E. faecalis Cy5 5’-GGA GAA AGG TTA ACT CAC GT-3’ 
 

Realtime PCR analysis to determine population distribution and bacterial load 

 As previously described [44], primers were designed for all four bacteria (P. 

aeruginosa, S. aureus, E. faecalis, and F. magna) for realtime PCR analysis. These 

primers were used in SYBR green realtime PCR analysis of tissue samples to provide 

relative ratios of the bacterial population. DNA was extracted and diluted to a final 

concentration of 20 ng/μL of total DNA.  Realtime PCR was performed at MBRI, using 

the ABI 7500 Real Time PCR System (Applied Biosystems, Foster City, CA) with the 

following steps: 95°C for 10 minutes, and 40 cycles of 95°C for 15 seconds and 60°C for 

60 seconds. 
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RNA extraction from infected mouse tissue 

 For each mouse at every time point examined, a piece of tissue near the wound 

bed was extracted. This tissue was stored in RNAlater® (Ambion) at -20°C. The tissue 

was then prepared for mouse cytokine cDNA plate array assays.  In order to perform the 

plate array, total RNA was extracted from tissue frozen in RNAlater®.  Tissue was 

removed from RNAlater® and placed in a fresh 2 mL Eppendorf tube containing 800 μL 

of refrigerated TRI reagent® (Molecular Research Center, Inc.).   A Tissue Tearer™ 

(Biospec Products, Inc.) was used to grind the tissue.  After incubating at room 

temperature for 5 min, 200 µL of chloroform was added and the samples were mixed by 

inverting.  After incubation at room temperature for 10 min, and centrifuging at 12,000 

g for 15 min, the clear supernatant was pipetted into a fresh 1.5 mL Eppendorf tube. 

Isoproponal (500 µL ) was added to the clear supernatant and mixed again by inverting.  

The RNA was then precipitated at room temperature for 10 min, and then pelleted by 

centrifugation at 12,000 g for 8 min. The pellet was washed with 1 mL 75% ethanol, and 

then pelleted by centrifugation at 7,500g for 5 min. The supernatant was discarded, 

pellet dried, and the RNA was resuspended in 200 μL sterile H2O, at 55-60°C. RNA was 

stored at -80°C. 
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Cytokine cDNA plate arrays 

 The Mouse Cytokine cDNA Plate Array (AP-1141, Signosis BioSignal Capture) kit 

was used for cytokine analysis, via the manufacturer’s guidelines.  Briefly, biotin-labeled 

cDNA was synthesized using the manufacturer’s cytokine primer mix and reverse 

transcription buffer mix.  Biotin-labeled cDNA was mixed with hybridization buffer and 

added to wells pre-coated with a gene-specific oligonucleotide to capture targeted 

genes.  The 96-well plate was then incubated overnight at 45°C.  After the overnight 

hybridization the wells were rinsed with a washing buffer, blocked for 15 minutes, and a 

solution containing streptavidin-HRP was added and allowed to conjugate for 45 

minutes.  The wells were washed one final time.  Fresh substrate was added to the wells 

and chemiluminescence was measured using a fluorescence microplate reader. 
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CHAPTER III 

RESULTS 

 

Establishing a mouse model for biofilm-associated polymicrobial wound infections 

Using planktonic cells to establish polymicrobial infections 

 The first goal of my project was to design an effective in vivo model for the study 

of polymicrobial infections.  Ideally we wanted to establish an infection that would: 1. 

incorporate several important human wound pathogens; 2. remain chronically-infected 

over a substantial period of time; 3. be composed of both gram-negative and gram-

positive bacteria; and 4. have at least one representative anaerobic species.  Our 

laboratory has previously used in vivo models for studying single-species biofilm-related 

infections in acute [9] and chronic [27, 45, 46] mouse wounds .  Previously, planktonic 

bacteria in logarithmic growth phase were used to initiate single-species infections in 

these wounds  ([27, 45, 46].  Thus, we also attempted to use log-phase planktonic 

bacterial cells during our first attempts to establish a multispecies infection in chronic 

wounds.   

For our initial pilot experiments 104 CFU of planktonic P. aeruginosa and S. 

aureus (at a 1:1 ratio), were used to infect mice given surgical excision wounds.  5 days 

after infection, mice were euthanized, wound tissue was harvested and the CFU of P. 
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aeruginosa and S. aureus were determined by plating the serially-diluted wound 

homogenates on Pseudomonas and S. aureus defined media.  Our results revealed that 

after only 5 days, P. aeruginosa had essentially taken over the infection (Fig 3.1).  In 

order to determine whether the immune status of the mouse influenced the 

competitive growth of P. aeruginosa and S. aureus, we also performed the experiment 

in diabetic mice with similar results (Fig 3.1).  Next we tested a 1:9 ratio of P. aeruginosa 

and S. aureus in thermally-injured mice and again saw that P. aeruginosa almost 

completely took over the infection in 2 days (data not shown).  In separate experiments, 

we attempted to infect either surgical excision wounds or burn wounds with the 

obligate anaerobe Finegoldia magna.  However, even when mice were infected with 100 

µl doses of an undiluted overnight culture we were unable to initiate an infection with 

the anaerobe, which was undetectable in the wounds by realtime PCR even after a few 

days (data not shown). 
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Figure 3.1. Infecting surgical incision wounds with planktonic P. aeruginosa 
and S. aureus did not result in effective mixed-species infections.  Normal or 
diabetic mice were given surgical incision wounds and then infected with 
planktonic PAO1, S. aureus or a 1:1 mix of each.   By post-infection day 5, CFU 
enumeration revealed that P. aeruginosa had grown to 90 and 97.2% in the 

            

 

 

 

 

 

 

 

 

 

Transplanting multispecies biofilms onto wounds 

 Although growing multiple species of bacteria together can be technically 

challenging, our collaborators at the MBRI have developed an in vitro method to grow 

polymicrobial biofilms [44, 47].  Therefore, we conducted experiments to determine if 

we could transplant these in vitro grown biofilms onto the wounds of mice to establish 

infections that would remain polymicrobial.  Biofilms, composed of S. aureus, P. 

aeruginosa, E. faecalis and F. magna, were grown as described previously ([44, 47] and 

in Materials and Methods).  Sections of these biofilms were transplanted onto the 

surgical excision wounds of mice.  Three groups of mice were compared in regard to 

S. aureus 
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wound closure, bacterial population distribution, bacterial load, immune response and 

antimicrobial tolerance: 1. Mice with uninfected wounds; 2. Mice with single-species 

wound infections; and 3. Mice with polymicrobial wound infections. 

 

Determining the population distribution of bacteria in polymicrobial biofilms 

 At 4, 8 or 12 days post-infection mice were euthanized, wound tissue was 

harvested and the population distribution was assessed.  Realtime PCR with species 

specific probes was used in order to determine the prevalence and distribution of the 

four different species of bacteria in the wound tissue as previously described [11].  

Realtime PCR analysis was also performed on sections of the in vitro biofilms in order to 

determine the starting ratios of the four bacterial species. The results of this realtime 

PCR analysis revealed that the population distribution of the species in the starting in 

vitro biofilms did not differ substantially from the population distribution at any of the 

time points (Fig 3.2).  Therefore, these data indicated that by transplanting pre-formed 

multi-species biofilms, we were able to create wound infections in mice that remained 

polymicrobial for at least 12 days. 
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Figure 3.2. Relative population distribution of starting in vitro-grown biofilms and 
4, 8 and 12-day wound infections. Realtime PCR was performed using species-
specific primers with comparable amplification efficiencies in order to determine 
the relative ratio of the four different species. All mice that were infected with 
polymicrobial biofilms had detectable levels of all four organisms in their wounds.  
Average of groups, + SEM are shown.  

 

 

 

 

 

 

 

  

 

 

 

 

It should be noted, however, that while the population make-up of the 

polymicrobial wound infections did not change significantly over time, realtime PCR 

analysis revealed that many of the non-infected wounds and wounds infected with P. 

aeruginosa only eventually acquired S. aureus.  In fact, of the 16 mice that started out as 

“wound only” (no infection), only 10, 4 and 1 still had undetectable levels of bacteria in 

their wounds by days 4, 8 and 12, respectively.  Likewise, of the 16 mice that started 
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with “P. aeruginosa only” infections, only 10, 10 and 6 remained infected with only P. 

aeruginosa by days 4, 8, and 12, respectively.  When mice from the “wound only” group 

acquired S. aureus infections they were counted as part of the “single-species infection” 

group, and when mice from the “P. aeruginosa only” group acquired S. aureus infections 

we counted them as part of the “polymicrobial infection” group.      

 

Visualization of polymicrobial biofilms 

 At 4, 8 and 12-days post-infection mice were euthanized and tissue sections 

within the wound bed were harvested, placed in formalin and embedded in paraffin.  

Thin sections of paraffin embedded tissues were mounted on glass slides and either 

stained with H&E or hybridized to FISH probes to visualize bacteria as described in 

Materials and Methods. Sections of the starting in vitro biofilms were also visualized by 

H&E.  These imaging techniques allowed us to examine the spatial relationships of the 

different species of bacteria within the biofilms, and revealed that all the species 

resided in close proximity to each other.  Groups of morphologically distinct bacteria 

were visible in sections from in vitro and in vivo biofilms stained with H&E staining (Fig 

3.3).   

In tissue sections from biofilm-infected wounds we observed that, while P. 

aeruginosa could be seen interspersed throughout the wound bed and wound margin, it 

was also typically seen at the leading edge of the infection (Fig 3.4).   S. aureus, E. 
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faecalis, and F. magna were typically seen interspersed within the tissue behind P. 

aeruginosa (Fig 3.4A).  While the different bacterial species remained in close 

association at all time points examined, homogeneous ‘pockets’ were also seen with 

both H&E staining and FISH (Fig 3.5).  Interestingly, upon H&E staining of the infected 

wound tissue, we also observed bacteria configured into finger-like projections that 

lined the perimeter of the wound margin and extended into the wound bed (Fig 3.6A).  

These projections were also visible after FISH with a probe specific for the P. aeruginosa 

16S, indicating that P. aeruginosa, which was also typically seen at the leading edge of 

the infection (Fig 3.4), may also be forming these finger like projections (Fig 3.6B).   

 

 

 

 

 

 

 

 

 

Figure 3.3. In vitro and in vivo biofilms were imaged with H&E staining. Sections of in 
vitro-grown multispecies biofilms (A) or tissue from 12-day old wounds (B) were 
fixed in formalin, embedded in paraffin, thin-sectioned and stained with H&E.  
Arrows indicate groups of morphologically distinct bacteria. 

A B 
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Figure 3.4. P. aeruginosa makes up the leading edge of the infection.  In vivo biofilms 
were imaged with FISH. Sections of tissue from 12-day old wounds were fixed in 
formalin, embedded in paraffin, thin-sectioned and mounted on slides.  Sections were 
hybridized to a ‘target’ DNA probe complementary to a specific 16S region of the 
bacterial ribosomal subunit of either P. aeruginosa (red) or S. aureus (yellow) and 
stained with DAPI (E. faecalis, F. magna, and host cell DNA).  Undamaged host tissue 
can be seen at the top of both images.  S. aureus, E. faecalis, and F. magna are seen at 
the wound margin just above P. aeruginosa (A), and in both images P. aeruginosa 
extends down into the wound bed (A and B).   

A B 

Figure 3.5. Homogeneous ‘pockets’ of bacteria were visualized along the margins of 
12-day old wounds.  Wound tissue was fixed in formalin, embedded in paraffin, thin-
sectioned and either stained with H&E (A) or hybridized to species-specific FISH probes 
(B), where P. aeruginosa is shown in red, S. aureus in yellow, and E. faecalis, F. magna, 
and host cell DNA are stained with DAPI (blue). 

A B 
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Investigating the ability of multispecies biofilms to promote wound chronicity 

Determining the overall bacterial load in single versus multispecies infections 

 At 4, 8 and 12 days post-infection mice were euthanized and the bacterial loads 

in their wounds were assessed.  In order to determine the overall bacterial load, wound 

tissue was harvested and sent to the MBRI for realtime PCR analysis using a ‘universal’ 

16S probe as described above.  Infecting doses of the biofilm transplants that were used 

to initiate the polymicrobial infections were also analyzed and determined to contain 

approximately 1x1010 bacteria, whereas the infecting dose of planktonic P. aeruginosa 

was only about 1x104 CFU (Fig 3.7).  

Although there was a considerable difference between the infecting doses used 

to initiate the single-species infections and those used to initiate the polymicrobial 

Figure 3.6. Finger-like projections were visualized in 12-day-old polymicrobial biofilm 
infected wounds by H&E staining (A) and FISH (B).   These projections extended from 
the leading edge of the wound margin, into the wound bed and hybridized to the P. 
aeruginosa 16S FISH probe (see in red, B).  

A B 
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Figure 3.7. Infecting doses and bacterial loads observed after days 4, 8, and 12. 
Infecting doses were determined for both single and multispecies infections 
using quantitative realtime PCR with a universal 16S probe.  

 

infections, after only 4 days we saw that the bacterial loads in the wounds were 

comparable (Fig 3.7).  By 4 days post-infection the average number of bacteria in the 

wound tissue ranged from 2x108 to 1.5x109 in both single and multispecies infected 

wounds.   Over the course of the experiment the bacterial loads in both single and 

multispecies infections were similar and appeared to remain constant.  

 

 

 

 

 

 

 

 

Because we were using realtime PCR to approximate the number of CFU/g 

tissue, we wanted to determine if we were detecting live or dead bacteria. In order to 

assess this we performed a set of experiments where an infecting dose of P. aeruginosa 

(104 CFU) was spiked with either heat killed E. faecalis (107 CFU) or lysed E. faecalis DNA 

(equivalent to 107 CFU).  Mouse wounds were inoculated with these mixtures and 
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wound tissue was harvested at 0, 24, 48 or 72 hours post-infection.  The tissue sections 

were analyzed by realtime PCR analysis at MBRI with P. aeruginosa and E. faecalis 16S 

probes.  After 24 hours neither the non-viable bacteria nor the lysed DNA were detected 

(data not shown), suggesting that our quantitative PCR assay is specific for live bacteria. 

 

Measuring wound closure in mice with single versus multispecies infections 

In order to test our hypothesis that polymicrobial biofilm infections increase 

wound chronicity, we compared the wound closure of wounded mice with no infection, 

a single-species infection, or a polymicrobial infection.  Mice were wounded and 

infected as described in Materials and Methods.  At 4, 8 or 12 days post-infection mice 

were anesthetized and wound closure was assessed as described in Materials and 

Methods.  

We observed the largest difference between the groups at day 4 where the 

polymicrobial biofilm transplant group had an average of 11.7% (+2.2%) wound closure, 

the single species biofilm group had an average of 26% (+3.7%), and the wound only 

group had an average of 32.9% (+5.4%) wound closure (Fig 3.8A).   We also saw a 

statistically significant difference between the closure of the single and multispecies 

infected wounds at 8 days post-infection (p=0.029, Fig 3.8B), where the polymicrobial 

biofilm transplant group had a 44.4% (+3.7%) average  wound closure,  and the single-

species group had a 59.7% (+3.6%) average  wound closure. However, the wound only 



Texas Tech University, Trevor Dalton, May 2011 

31 
 

group had an average of 52.7% (+2.5%) wound closure at this time point.  By 12 days the 

wounds of mice in all three groups had almost completely closed and there was no 

significant difference in percent wound closure (Fig 3.8C).  Taken together these data 

show that there is a significant early delay in wound closure when an infection is 

present, and this delay becomes even more pronounced when there is more than one 

species of bacteria present.  
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Figure 3.8.  Percent wound closure. The percent wound closure was determined for 
non-infected wounds and wounds infected with single or multiple species on days 4 
(A), 8 (B) and 12 days (C) post-wound and/or infection.  ANOVA with Tukey-Kramer 
Comparison’s Test was used to determine statistical differences between groups. 
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Figure 3.9.  Scatter plot of the dominant bacterial species present in 12-day 
wounds plotted against the % closure for each wound.  Wounds in which P. 
aeruginosa was the major species displayed lower wound closure at 12-days. 

 

 We also investigated whether one of the four species making up the 

polymicrobial biofilms was more prevalent in the wounds that were the slowest to heal.  

Therefore we determined if there was a correlation between the dominant bacterial 

species in each mouse wound at each time point and the percent wound closure.  

Twelve day post-infection was the only time point during which we saw a correlation 

between the dominant bacterial species and the percent wound closure (Fig 3.9).   At 

this time point, P. aeruginosa was the most prevalent species in the wounds that were 

slowest to heal. 
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Comparing the antimicrobial tolerance of bacteria in single versus multispecies in 

vivo biofilms 

 Increases in antimicrobial tolerance may make some wound infections refractory 

to treatment and thus increase the chronicity of a wound.  Therefore we examined 

whether the bacteria in polymicrobial biofilms resulted in an increased tolerance to 

antimicrobials in comparison to those in single-species biofilms.  We used the 

chronically-wounded mouse model to determine the efficacy of bleach and gentamicin 

to kill bacteria present in single and multispecies wound infections as described in 

Materials and Methods.  At 4 days post-infection (a time point when we had seen the 

biggest difference in closure between polymicrobial and single-species infected wounds) 

mice were euthanized and the antimicrobial tolerance of the bacteria in their wounds 

was assessed.  We detected approximately 2.5-fold more viable bacteria after bleach 

and gentamicin treatment in the polymicrobial biofilm transplant group as compared to 

the single-species biofilm group (Fig 3.10).  In addition, when we compared the numbers 

of just P. aeruginosa that were still viable after antimicrobial treatment in single versus 

multispecies infections, we saw that there were approximately 2-fold more P. 

aeruginosa cells viable after bleach and gentamicin treatment in the polymicrobial 

biofilm transplant group compared to the single-species biofilm group (Fig 3.11).  When 

the data from all four of the different species within the polymicrobial wound infection 
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Figure 3.10. A higher percentage of bacterial cells from polymicrobial 
wound infections are viable after treatment with antimicrobials than 
those from single species infections. Single and multispecies wound 
biofilms were treated with either bleach or gentamicin and the 
percentage of cells still viable after treatment was assessed by realtime 
PCR, n=6-8 mice/group). 

were separated out, we also saw that P. aeruginosa was the most susceptible overall to 

the antimicrobial treatments (Fig 3.12).   Taken together these data indicate that being 

in a polymicrobial biofilm environment may make P. aeruginosa more tolerant to 

antimicrobials than when it is alone. 
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Figure 3.11. Percentage of P. aeruginosa cells, either from single or 
multispecies wound infections, that were still viable after treatment with 
antimicrobials. The number of bacteria in treated and untreated samples 
was analyzed using realtime PCR, n=6-7 mice/group) 

Figure 3.12. Percentage of bacterial cells in multispecies wound infections 
that were viable after treatment with antimicrobials. The number of 
bacteria in treated and untreated samples was analyzed using realtime 
PCR, n=6-8 mice/group) 
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Examining the host response to single and multispecies biofilms 

 Several factors may influence chronicity, including an altered host response that 

permits a persistent infection.   Therefore, we compared the effects of single versus 

multispecies wound infections on the host response by measuring indicators of the 

innate immune response.  Wound tissue was harvested at 4 days post-infection (a time 

point when we had seen the biggest differences in closure and antimicrobial tolerance 

between polymicrobial and single-species infected wounds) and stored in RNAlater®. 

RNA was prepared from these tissues, and reverse transcribed into cDNA, as described 

in Materials and Methods.  Pooled cDNAs from ‘wound only’, ‘single-species’-infected 

and ‘polymicrobial’ biofilm-infected groups of mice were hybridized to Signosis, Inc. 

cDNA cytokine plate arrays as described in Materials and Methods.  The results of these 

cytokine plate arrays were normalized to two different house-keeping genes, GAPDH 

(Fig 3.13A) and beta-actin (Fig 3.13B).   Immune modulator genes were considered 

increased if they displayed more than a 2-fold increase when normalized to both GAPDH 

and beta-actin (Fig 3.13C).  In total we detected 10 genes that displayed greater than a 

2-fold increase in both sets of normalized data. Two of these differences were shared 

amongst the single-species and polymicrobial biofilm groups, one of them was unique to 

the single-species group and seven of them were unique to the polymicrobial biofilm 

group (Fig 3.13C). 
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Figure 3.13. Cytokine cDNA plate array. Cytokine cDNA plate array data was 
normalized to GAPDH (A) or beta-actin (B), and immune modulator genes 
were considered increased if they displayed more than a 2-fold increase 
when normalized to both GAPDH and beta-actin (C). 
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 Figure 3.13. Continued. 
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CHAPTER IV 

DISCUSSION 

 

 In vivo models have been utilized to mimic biofilm infection in oral, ocular, 

catheter-related, and ear infections [23, 24, 26]. There are also established models to 

study single-species biofilm infections in acute [9] and chronic [27, 45, 46] wounds. 

However there is a dearth of reports that investigate polymicrobial biofilm infections in 

wounds and new animal models are sorely needed [48].  Therefore, the main goal of my 

project was to develop an in vivo model to study polymicrobial biofilm infections. Once 

this model was established, we then wanted to use it to compare the effects that single-

species versus polymicrobial biofilm infections in have on wound chronicity. 

 Our first attempts to establish a polymicrobial biofilm infection focused on P. 

aeruginosa and S. aureus, two of the most common pathogens found in wounds. 

Preliminary experiments for my project utilized both the thermally injured mouse model 

and chronically-wounded mouse model that have been used previously in our 

laboratory [9, 27]. We began our initial experiments by infecting mouse wounds with 

planktonic P. aeruginosa, S. aureus or a 1:1 ratio of both species.  When we observed 

that P. aeruginosa quickly became the dominate species in the mixed infections, we 

tried a 1:9 ratio of P. aeruginosa to S. aureus. However, with both combinations we saw 

that P. aeruginosa completely took over the infection within a few days (Fig. 3.1). 
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Our initial thoughts were that certain virulence factors produced by P. 

aeruginosa were causing it to outcompete S. aureus in our chronically-wounded mouse 

model.   For example, P. aeruginosa is known to produce stapholysins [49] as well as 

other antimicrobials that help make it such a ubiquitous pathogen.  However, when we 

saw P. aeruginosa taking over, even when it was only 10% of the inoculating dose, we 

began to consider other hypotheses.  For example, in human polymicrobial infections, it 

has been documented that, staphylococci are the initial colonizers of the biofilm, and 

gram-negative bacteria follow after [50].  Thus, in the future, staggering the inoculations 

might be one way we can get S. aureus and P. aeruginosa to grow together successfully 

in vivo.  It is also known that P. aeruginosa produces fewer virulence factors when 

grown under anaerobic conditions [51], which could also help explain why it is seen in 

patient wound biopsies growing with S. aureus and other pathogens.   

We also know from the literature that anaerobes have a major presence in 

biofilms.  Dowd et al. showed that anaerobes make up a majority of the population of 

bacteria present in patient wounds [11].  In these wounds P. aeruginosa, S. aureus, and 

anaerobes, particularly F. magna and E. faecalis, all grow together.  However, we were 

unable to elicit an infection with F. magna in our chronically-injured mouse model, even 

when it was given at extremely high doses.  A critical paper leading to the success of 

establishing our in vivo model was also by Dowd et al. and described their in vitro model 

for growing polymicrobial biofilms [44].  In this paper, they outlined the many different 

conditions they tested in order to perfect growing polymicrobial biofilms.  Not only did 
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they establish a novel media formulation for growing polymicrobial biofilms, but they 

also employed quantitative PCR in order to monitor the population of these biofilms. 

Therefore, it seemed natural to collaborate with MBRI on our project. 

Since we were not able to establish polymicrobial infections or infections with 

anaerobes in our mouse wound models, we next attempted to use the polymicrobial 

biofilms grown in vitro at MBRI to initiate infections.  Our initial experiments involved 

the use of different compositions of polymicrobial biofilms, and realtime PCR analysis to 

determine if a polymicrobial infection could be maintained.  Biofilms grown in glass test 

tubes were sectioned, and transplanted onto the wounds of mice given surgical excision 

wounds.  In addition, media from the biofilm tubes was serially diluted and inoculated 

onto wounds as a “planktonic” treatment.  We observed that infections initiated with 

the biofilm sections maintained a polymicrobial make-up (Fig 3.2) whereas those 

initiated with the “planktonic” treatments did not (data not shown). 

With our polymicrobial in vivo model established, we settled on using biofilms 

composed of P. aeruginosa, S. aureus, E. faecalis, and F. magna in order to study 

different aspects of polymicrobial biofilm infections compared to single-species 

infections.  Our unique model provides many different advantages as compared to other 

models.  The major difference between our model and previously established animal 

models [27, 28] used to study chronic wound infections is that ours is polymicrobial. 

Another difference in our model is the size of the wound, which allows us to harvest 
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many sections from one wound on one mouse, as opposed to the multiple punch 

biopsies utilized in other models [28].  This allows us to look at different aspects of the 

same wound from an individual mouse, such as population distribution determined by 

quantitative realtime PCR analysis, FISH analysis to visualize bacteria present, and 

cytokine analysis to determine immune response to the infection.  

Despite its novelty there are some shortcomings in our model that we have been 

unable to fully resolve. One of them is the difference between the inoculating doses of 

our polymicrobial group versus that of the single-species group.  The polymicrobial 

group received a 6-fold higher inoculating dose of bacteria as compared to the single-

species group.  We attempted to increase the dose of planktonic P. aeruginosa 

inoculated into the wounds of the single-species group to match the dose given to the 

polymicrobial group, however mice given 1x106-7planktonic P. aeruginosa typically died 

within 48 hours (data not shown).  We also attempted to solubilize and dilute the pre-

formed biofilms in order to reduce the inoculating CFU.  However, the infections of 

wounds inoculated with bacteria from disrupted biofilms did not remain polymicrobial, 

presumably because they had reverted to their ‘planktonic state’ (data not shown). Thus 

we were not able to find an effective method to equilibrate the inoculating doses of 

bacteria in the polymicrobial and single-species groups.  However, we feel that this is 

not a major limitation since by day 4 the bacterial load for both groups was similar and 

remained so throughout the remainder of the experiment. 
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Another shortcoming for our model was realized when we began to perform 

realtime PCR analysis on wound tissue from our single-species and wound only groups.  

In our naiveté we had assumed that the wounds of uninfected mice would stay 

uninfected.   However, we quickly noticed that, as early as 8 days post-infection, many 

wounds became contaminated by S. aureus.  Thus we had to shift many mice from the 

‘wound only’ group to the ‘single-species’ group, and many from the ‘single-species’ 

group to the ‘polymicrobial’ group.  Thus by day 12 nearly every ‘wound only’ mouse 

had shifted into the single-species group (Fig 3.8).  

There are also other minor shortcomings with our model.  For example, we took 

pictures of each wound on days 0, 4, 8, and 12 post-infection. We also performed 2 

experiments per time point.  This resulted in a greater number of ‘day 4’ and ‘day 8’ 

photos to use for wound closure analysis than ‘day 12’, which led to stronger statistical 

significance at earlier time points.  In addition, the population distribution in the in vitro 

biofilms is heterogeneous.  This results in differences between the sections used for 

realtime PCR analysis of the ‘starting biofilm’ and the sections that are actually used to 

inoculate mouse wounds.  There were also undoubtedly discrepancies between the 

biofilm make-up in the tissue sections that were used for realtime PCR analysis versus 

the sections used for FISH analysis.  The final shortcoming is that we were only 

successful in optimizing FISH primers for P. aeruginosa and S. aureus.  Thus, although we 

could visualize E. faecalis and F. magna by DAPI staining, we could not differentiate 

between the two.   
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Despite the shortcomings of our polymicrobial biofilm model, we were able to 

use it to test the hypothesis that polymicrobial infections promote wound chronicity, 

beyond what is seen in single-species infections.  We saw that wound closure was 

delayed in polymicrobial infections, more so than in single-species infections, even at 

time points when there was an equivalent bacterial load.  However, by day 12 post-

infection, most of the wounds in all three groups of mice had healed equivalently.  This 

could mean that, in the long run, the sheer number of different species present is not as 

important as the combination of specific pathogens.  For example, Dowd et al. have 

identified functional equivalent pathogroups (FEPs), or groups of certain bacterial 

species that co-exist in infections, which they hypothesize exert a synergistic effect that 

will be similar in most of the chronic infections in which the specific FEP resides [52].  In 

their findings they have identified P. aeruginosa as a member of one of their FEPs [52]. 

In support of this, we also correlated the presence of P. aeruginosa as the predominate 

species in wounds with slower closure (Fig 3.9). 

We also saw that the bacteria in the polymicrobial biofilms were more tolerant 

to antimicrobials than those in single-species infections.  It is known that bacteria in 

biofilms have a 100- to 1000-fold increase in their antimicrobial resistance in vivo [30].  

One of the proposed mechanisms of this increased resistance is the production of an 

EPS matrix [5].  It is also known that different bacteria secrete different 

exopolysaccharides resulting in each biofilm having a unique EPS matrix based on the 

bacteria present and nutrients available [7].  Therefore, there might be synergistic 
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effects among the pathogens that make up our polymicrobial biofilm that allows for 

greater antibiotic resistance than those of the single-species biofilm. 

 Lastly, by examining the host response generated by single-species versus 

polymicrobial biofilms, we saw that there were some cytokines overexpressed in both 

single-species and polymicrobial infections and that there were also some cytokines 

exclusively overexpressed in the polymicrobial infections. In particular we saw both pro-

inflammatory and anti-inflammatory cytokines overexpressed in the tissue from 

polymicrobial infections (Fig 3.11).  

 The pro-inflammatory cytokines interleukin-17 (IL-17), interleukin-12 (IL-12), and 

tumor necrosis factor-α (TNF-α) were all overexpressed exclusively in tissue infected 

with polymicrobial biofilms (Fig 3.13).  IL-17 is secreted by type 17 helper T cells (Th-17). 

These Th-17 cells initiate the inflammatory response by recruiting neutrophils to the site 

of infection [53].  IL-12 is produced by macrophages and stimulates the production of 

pro-inflammatory cytokines such as interferon-γ and TNF-α [54].  TNF-α is also produced 

by macrophages and other cells and is an important cytokine in the inflammatory 

response [55].  In contrast to this, we also saw an increased production of interleukin-10 

(IL-10) in our polymicrobial group as compared to the single-species group.  IL-10 is a 

potent anti-inflammatory cytokine, produced primarily by monocytes, that inhibits TNF-

α along with other pro-inflammatory cytokines [56].  The inability of anti-inflammatory 

cytokines to inhibit the secretion of pro-inflammatory cytokines suggests that there 
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might be an immune reaction to the polymicrobial biofilms similar to that seen in a 

“cytokine storm” [57].  Taken together these data indicate that there is a more intense 

and chronic inflammatory response mounted in response to the polymicrobial biofilm 

infections. 

There is much future work to be done utilizing this unique model.  My project 

barely scratched the surface of possibilities that this novel model provides.  Future 

applications include identifying bacteria that increase or decrease wound healing, 

examining the mechanisms of synergy between species, or testing the efficacy of 

different antimicrobial and antibiofilm treatments in order to reduce the chronicity of 

polymicrobial biofilms.  
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