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ABSTRACT
USING OXYGEN GENERATING MATERIALS FOR THE PRESERVATION OF
SKELETAL MUSCLE FUNCTION & VIABILITY IN A RODENT ACUTE ISCHEMIC
INJURY MODEL
Dissertation under the direction of
George J Christ, PhD
Wake Forest Institute for Regenerative Medicine
Blunt force and penetration wounds can cause traumatic injury to soft tissue of
varying types (i.e. skin, nerve, muscle) resulting in a decrease of tissue function and
viability.
A large percentage of these types of wounds are sustained to the
extremities/limbs, not only in our nation’s combat operations of Operations Iraqi
Freedom and Enduring Freedom, but also in the civilian sector in vehicle accidents and
weapons-related incidents. While there is the immediate damage to tissue at the point
of injury, there can also be the onset of ischemic injury due to the lack of blood flow to
normal, healthy tissue downstream of the original injury. This healthy tissue still has the
normal demands of nutrients and oxygen and when the normal transport of oxygen is
interrupted, which can often be the case with soft tissue injuries, there is a relatively
small window of time before the skeletal muscles’ immediate supply of oxygen is
consumed and ischemic injury begins. If not treated soon enough, this ischemic injury
can result in irrecoverable muscle function loss and tissue damage.
There are several differing areas of ongoing research to develop therapies to
deliver oxygen to these ischemic tissues. While others have been working on
approaches which rely on either diffusion or mass transport of oxygen through the
vasculature, our research group is investigating a separate route which circumvents the
disadvantages of these two approaches.
Particulate oxygen-generating (POG)
biomaterials are a class of compounds which can decompose to release oxygen. By
using POGs, we could deliver oxygen directly to the ischemic injury without affect to the
host’s surrounding normal healthy tissue.
Previous work in our research group has shown that POGs can be beneficial for
treating ischemic injury. A therapeutic dose window had been determined and initial
experiments demonstrated an improvement of function over non-treated ischemic
controls. A pilot animal model study showed that our intervention could result in
preserving 25%-35% of skeletal muscle function in an acute ischemic injury model. To
expand on our research group’s prior work, this project’s goals were 1.) to further
develop our ischemic injury animal model to quantify the extent of injury prior to
intervention, and 2.) compare the effectiveness of our POG compounds in this animal
model to determine an optimized dose and formulation for treating ischemic injury.
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CHAPTER I

INTRODUCTION

Benjamin Rowe

1

Oxygen is a crucially important compound needed for many of life’s cellular
processes. Many organ and tissues in the body have high demands for oxygen, such as
skeletal and cardiac muscle. When adequate amounts of oxygen are present, these
muscles can use its glycogen stores to release glucose which can then be used through
the aerobic metabolic pathway (Krebs cycle) to generate a high turnover into ATP,
resulting in an efficient conversion of one form of energy to another which the body can
readily use. This is the preferred metabolic pathway during low energy requirements,
such as rest, and during lower intensity cardiovascular exercise. During times of high
intensity exertion or in times when the oxygen supply may be cut off or consumed, there
is insufficient oxygen to utilize the aerobic pathway. This requires the muscle to bypass
the Krebs cycle pathway and instead consume glycogen stores anaerobically.

The

efficiency for ATP conversion is significantly reduced; therefore, the consumption of
glycogen is much higher.
Anaerobic Respiration: C6H12O6 → 2 C3H6O3 + 2 ATP
Aerobic Respiration: C6H12O6 + 6 O2 → 6 CO2 + 6 H2O + 38 ATP
Common survival injuries seen in our Warfighters have been blast injuries to the
extremities. These injuries include damage to multiple tissue types, i.e. skin, nerve, and
muscle. While the location of injury is a grave concern for medical treatment, the latent
effects of the blast injury also need to be treated. Hemorrhage and loss of blood flow to
otherwise normal, healthy tissue (such as the hand and forearm if the patient sustained
a blunt force trauma injury to the upper arm/biceps) can result in an ischemic injury in
these tissues. If blood flow cannot be restored or some level of oxygen intervention
cannot be delivered, these tissues can start to become necrotic in a relatively short
amount of time, in as little as four hours after initial injury.
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The goal of this research project is to develop a suitable oxygen delivery therapy
which can be used to treat ischemic injury until blood flow can be fully restored. Before
going into full detail of the research presented for this dissertation, alternative methods
being investigated will be compared (Chapter II) to our preferred therapy, and previous
work leading to this dissertation’s results will be summarized (Chapter III).
Oxygen generating materials have shown potential as an external source of
oxygen. These materials have been used to restore levels in oxygen-poor soils, as a
source of oxidizing agents in toothpaste, and as an active ingredient in the cleaning
detergent OxiClean®. These materials have recently been applied for use in tissue
engineering and regenerative medicine. One of the benefits of these materials is that
delivering oxygen is directly related to their destruction, chemical decomposition of the
material to produce oxygen. For many regenerative medicine applications, adding a
biomaterial scaffold into a wound site is essential, and having a therapy which
essentially removes itself as it is being used can be highly desirable.
The overall hypothesis of this dissertation is that oxygen-generating materials
can be used to treat an acute ischemic injury in skeletal muscle and improve the
functional response and viability of the injured tissue. Two primary developmental steps
are described to test this hypothesis. First, expanding on some initial pilot study findings
in an in vivo injury model, we wanted to develop a non-invasive method to measure the
extent of ischemia in our injury model (Chapter IV).

Second, we used varying

concentrations of our particulate oxygen-generating materials to determine the utilization
of different POG concentrations or formulations for treating ischemic injury (Chapter V).
The work described in this dissertation addresses the possibility of using novel
oxygen generating biomaterials to treat an ischemic injury. While more research is
needed for full optimization (suggestions in Chapter VI), the research presented details

3

the potential that these materials have in preserving skeletal muscle function in an
ischemic environment.
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CHAPTER II

OXYGEN-REPLACEMENT THERAPIES TO ADDRESS ISCHEMIC INJURIES
POTENTIAL THERAPIES FOR FUTURE TREATMENT

Benjamin Rowe, George J Christ, PhD, Benjamin S Harrison, PhD
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Oxygen is an essential component of many cellular processes necessary for life.
There are several different strategies currently undergoing investigation worldwide to
address the medical need of supplying oxygen to living tissue when the patient’s native
means of supplying oxygen to these tissues has been compromised. Oxygen perfusion,
liquid carriers, and chemical oxygen generators are the three main routes of delivery
under investigation.

This chapter will briefly summarize the pros and cons of each

method of delivery.
The Role of Oxygen in Biology
Oxygen plays many crucial roles in biology. One of these methods is in the
conversion of glucose into adenosine triphosphate (ATP), the primary energy currency in
other cellular processes. In the presence of oxygen, cellular respiration via the Krebs
cycle and mitochondrial oxidative phosphorylation is a highly efficient process. Each
molecule of glucose which is aerobically metabolized yields 38 molecules of ATP. When
oxygen concentrations are severely diminished, the metabolic yield via anaerobic
glycolysis is only 2 ATP molecules.[1]
Oxygen and Diffusion
Oxygen’s rate of diffusion is very slow and diffusion naturally follows Fick’s Law,
in that the direction of flow is from high to low concentration. While this process is very
slow[2], the body has a synchronized oxygen exchange system to overcome this
diffusion barrier and transport enough oxygen to meet the host’s demand. Air (normally
approximately 21% oxygen) enters the body through the mouth and oxygen exchange
occurs in the lungs. Hemoglobin, the body’s main oxygen carrier, is located within the
red blood cells. It consists of four molecules of heme, which bind oxygen for transport
throughout the body via the circulatory system.

This reversibly bound oxygen can

dissociate from hemoglobin rapidly, which allows for oxygen transport from the
circulatory system to the rest of the body’s tissues and organs in the capillaries.[3]
6

Damaged Tissue and Oxygen
When a casualty sustains an injury, such as a penetrating wound or blunt force
trauma injury in cases of battlefield injuries or car accidents, the circulatory system can
be damaged, as in a torn or cut artery or vein. Transport to and from tissue can cease,
resulting in an ischemic injury.

Hypoxia, or lack of oxygen, can quickly arise and

therefore the aerobic environment can dissipate. Hypoxic severity can determine the
fate of the tissue survival, adaptation, or death. Some examples seen in vivo are neuron
cell death in hypoxic brain injury or angiogenesis in a hypoxic wound.[4-6] Right now,
unless immediate surgical intervention is given to reestablish the vascular network, there
are very few methods that can adequately treat hypoxia/ischemia in damaged tissues to
minimize resultant function or tissue loss.
The Ideal Solution to the Problem
Oxygen replacement therapies offer differing methods to deliver oxygen to where
it is needed within the patient. Treatments may vary in the method of delivery, such as
mimicking the actions of the body’s natural oxygen carrier, i.e. hemoglobin within the
blood, or be a direct delivery method to the point of injury. Any proposed therapy would
have to meet several basic requirements, such as biocompatibility and the capability to
deliver suitable amounts of oxygen to the area of greatest need.

Other desired

characteristics to improve the likelihood of clinical application would be ease of use, long
shelf life, and be relatively inexpensive. The ideal technology would have all the desired
characteristics from the competing variables (safety, commercial viability, & medical
benefit) faced while trying to develop a new medical therapy, as summarized in Figure 1
below.
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Figure 1. The Challenges Facing New Medical Therapies. The Ideal Oxygen Delivery
Therapeutic would be able to deliver a medically-beneficial dose of oxygen safely to a
patient while being commercially-viable.

Current Approaches for Oxygen Therapy
Several strategies to deliver oxygen to the extremities are currently receiving
attention.
categories:

The differing methods of delivery can be segregated into three separate
1) Increasing the Oxygen Concentration gradient to increase oxygen

diffusion into the ischemic tissue, 2) Hyper-oxygenated replacement fluids as a fluid
carrier in the body, and 3) Particulate Oxygen-Generating (POG) materials.

Each

strategy has potential benefits and disadvantages, which will be summarized as follows.
Increasing the oxygen partial pressure surrounding the injury or patient has been
attempted in several studies. A typical treatment could be performed with a facemask,
intratracheal tube, or containment chamber.

An elevated pressure of oxygen (2-3

atmospheres) would be supplied to the patient. Administration time is usually 1.5 to 2
hours, and can be given up to three times a day.[7] This type of hyperbaric oxygen
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treatment has been used for wound healing, grafts, and reperfusion injuries. Treatment
benefit depends greatly on the size of injury.
The concept behind this therapy is based on the diffusion of oxygen. Diffusion
moves in the direction from high concentration to low, so if one can increase the
concentration of oxygen outside the injury, then oxygen will migrate to or through the
injury site. The higher the concentration gradient the greater the amount of oxygen can
be delivered, which would be a greater benefit for the treatment of ischemic injury.
Hyperbaric oxygen does have the Food and Drug Administration’s Approval for
medically treating several maladies such as carbon monoxide poisoning and
decompression sickness.

Two key problems with this therapy are that hyperbaric

chambers are large, bulky pieces of equipment (therefore having significant space and
maintenance obligations), and the oxygen therapy, which is delivered non-specifically to
the patient rather than directly to the ischemic injury, relies on the diffusion of oxygen
through dense tissue, which is especially slow and inadequate for large-scale injuries.[8]
Oxygen Delivery Using High Oxygen-Absorbing Liquids
The second strategy is to use a blood-replacement fluid to deliver oxygen to the
ischemic injury.

Different fluids have been used, which typically are either

perfluorocarbon-, hemoglobin- or lipid-based.[9]

These can hypothetically serve two

purposes: 1) In the case of hemorrhage and loss of blood, to replace some of the blood
volume lost from bleeding out, and 2) To deliver large doses of oxygen to the host from
within the body, to increase the exchange of oxygen from the fluid-carrier to tissue.
Hemoglobin-Based Oxygen Carriers
Hemoglobin-based oxygen carriers (HBOCs) were developed to mimic
hemoglobin’s oxygen transport in the human body. First generation HBOCs contained
hemoglobin, but patients had adverse reactions to include impaired tissue perfusion and
renal failure because hemoglobin can be toxic in large amounts.[9, 10] Further iterations
9

of HBOCs have been developed to decrease these unwanted side effects. Differing
approaches have been successful, including using differing sources of hemoglobin
(human, bovine, or recombinant origin) and crosslinking with commercially-available
polymers, such as polyethylene glycol (PEG). Renal toxicity has been reduced, but the
combination with polymeric conjugation has added the concerns of decreased solubility
and increased viscosity.[11, 12]
HBOCs have several advantages. They can be produced in large commerciallyrelevant amounts and have a long shelf life. These can be given when the need is great
without having to delay intervention by ensuring there is no blood type incompatibility
issues. HBOCs can be pasteurization-sterilized prior to administration, so sterile-storage
logistical issues are not a requirement.[9, 10, 13-15] Concerns still remain for HBOCs
involving their relatively short circulation half-life and the possibility of affecting the
patient’s natural ability to create his/her own hemoglobin.[13, 14]
Perfluorocarbon-Based Carriers
Perfluorocarbon-based oxygen carriers (PFCs) have been successfully used in
blood transfusions to transport oxygen through a patient’s system. These compounds
are produced by replacing hydrogen on hydrocarbon chains with fluorine.[9]
Perfluorocarbons can dissolve large amounts of oxygen[10], which give them the
potential for being an oxygen-replacement therapy. Added bonuses of PFCs include not
being biologically-based, so there is no likelihood of host rejection or infection due to
carrying pathogens or blood-type incompatibility. These materials have potential use as
blood replacements, organ recovery, and for ischemia.[9, 15, 16]
PFCs do have a few disadvantages, however.

Dissolved oxygen is not

chemically bound to the PFCs, so its loose dissociation with the fluorine atoms allows for
its oxygen concentration to decrease by diffusion linearly with the partial pressure of
oxygen. This is of great concern because the goal of an ischemia therapy is to deliver
10

oxygen to the ischemic tissue.

If oxygen is released as soon as the therapy is

introduced, then the therapy needs to be delivered in proximity to the ischemic injury to
deliver the maximum amount of oxygen to the injury.[17, 18] This may not be possible in
complex extremity injuries, and the benefit of intervention will be reduced as distance
from the injury is increased, since the oxygen could be dissipated to other tissues as the
PFC fluid travels through the body. PFCs are hydrophobic; therefore, they must be
made into emulsions if they are to remain in the bloodstream. Some flu-like symptoms
have been reported as side effects to PFC administration, so additional complications
could arise from using PFCs.[10, 13, 15]
Table 1 summarizes the outcomes of recent HBOC & PFC clinical trials. While
several of these did show promise, outside influences have stopped the progression of a
potential therapeutic from completion and movement to FDA approval (i.e. Sangart went
out of business in 2013).
Table 1. Oxygen Delivery Therapeutics’ Clinical Trials.
Carrier
Type

Product
Name

Company

Treatment

MP40X

Sangart*

Shock, Acidosis

MP4
(Hemospan)

Sangart*

MalPEG-Hb

Sangart*

Hemolink

Hemosol

HBOC-201

Biopure

HBOC

Blood Loss,
Prostatectomy Surgery
Vascular Disease
Chronic Critical Lower
Limb Ischemia
Hypotension
Ischemia
Cardiovascular Disease
Coronary Occlusion
Acute Coronary
Syndrome
Angina Pectoris
Myocardial Infarction
11

Status
Phase II-a completed
Phase II-b - Failed critical
endpoint
Phase II-c - Withdrawn Closed 2013
Phase II completed
Phase II completed
Phase III completed
Phase II, III suspended

Phase II completed

Oxycyte
PFC

Oxygent

Oxygen
Biotherapeutics
Baxter
International

Traumatic Brain Injury

Phase II completed Sep
2014

Various Surgeries

Phase III suspended
FDA Approved 1989 Fluosol
Green Cross
Blood Transfusions
Withdrawn 1992
* - Sangart shut down in 2013 - all studies suspended
Source: www.clinicaltrials.gov

Oxygen Generating Materials
A third approach to delivering oxygen to ischemic injuries which has recently
been gaining a lot of attention has been the use of a class of biomaterials called
Particulate Oxygen Generators (POGs). These classes of materials are peroxide-based
and can decompose upon contact with water to form hydrogen peroxide. POGs have
been used previously to treat oxygen-poor soils.[19-21]
Sodium Percarbonate
The first POG material used for tissue engineering applications is sodium
percarbonate (SPO). This has commonly been used in commercial cleaning products as
a bleaching agent. The balanced equation for its decomposition in water to form oxygen
is:
Na2CO3 . 1.5 H2O2  2 Na+ + CO32- + 1.5 H2O + 0.75 O2
SPO had been used to preserve tissue viability in an ischemic skin flap model.
The procedure can be summarized as follows. A surgical skin flap was created on an
animal’s back to create an ischemic environment for the incised tissue.

The

experimental animals which were treated with an implantable film of SPO showed a
reduced amount of necrosis compared to control groups 48-72 hours after surgery and
implantation. Untreated skin flaps contained a larger number of apoptotic cells and
showed poor vascularization, suggesting a higher level of oxidative stress than the SPOtreated animals. Further mechanical testing showed better results in the SPO-treated

12

groups compared to controls, also suggesting that SPO proved beneficial to preserving
tissue and delaying necrosis.[22]
This initial study showed the potential that POGs have for delaying the initial
onset of ischemia following a disruption to the body’s vascular system. This study’s
model showed many of typical phenotypes of the progression of ischemic injury, such as
hypoxia, apoptosis, and tissue necrosis. Treatment with POGs did show that some
amount of oxygen supplementation was successful in delaying the onset of these
symptoms. Given enough time, however, there was onset of injury, which would make
one presume that the delivered oxygen supply was fully consumed first before the injury
could progress.

Increasing the amount of time before the onset of ischemia could

potentially allow more time for medical intervention to preserve more potentially lost
tissue.
Calcium peroxide
Calcium peroxide (CPO) is another potentially useful biomaterial as an oxygen
source. It has also been used commercially to improve oxygen-poor soil compositions
by increasing bacterial concentrations.[19-21] A key difference between CPO from its
counterpart SPO is that its chemical decomposition to release oxygen is a much slower
reaction.[23] Its aqueous decomposition is summarized in the following equation:
CaO2 + H2O  Ca(OH)2 + 0.5 O2
The peroxide anion (O22-) is attached to its calcium cation (Ca2+) via ionic bonding,
instead of the loose association between hydrogen peroxide and salt in sodium
percarbonate. Calcium peroxide is also not completely soluble in water, but can be
increased with a more acidic solution.[24]
Calcium peroxide has been used as an adjunct in several tissue engineering
projects.[22, 24, 25]

For example, some studies have added CPO to implantable

scaffolds for long-term oxygen release.

These scaffolds would be prepared using
13

biocompatible polymer and creating a porous backbone. CPO would then be introduced
to become integrated into these scaffolds. Cells were then seeded onto these scaffolds
to determine the benefit of a delayed oxygen release in a hypoxic environment. Control
scaffolds which were not treated with CPO showed a sharp decline in metabolism 10
days after the experiment’s beginning, with near complete cell death by day 14. CPOintegrated scaffolds’ showed an improved metabolism as time increased and cells
remained in the scaffold after day 14.

This dramatic difference between the two

experimental groups shows the potential for oxygen-releasing biomaterials in tissue
engineering applications.
Oxygen Therapy Challenges
Biocompatibility
A primary concern for tissue engineering/regenerative medicine is that whichever
intervention is used for therapy that it does not do any additional harm.

Many

pharmaceuticals used for medicinal purposes have a therapeutic window, where there is
a dose range where the drug is beneficial, but if given in large enough doses it can be
detrimental.

Various proposed oxygen replacement therapies have their own

challenges, which are briefly discussed here.
HBOCs have potential renal toxicity issues from difficulties clearing from the
system.[15] PFCs toxicity is a real concern also. A previously approved clinical for a
PFC (Fluosol-DA) was stopped because it proved to be incompatible with blood flow.[26,
27]

Some test subjects developed flu-like symptoms because clearance from their

bodies was proving difficult.[28] Oxygen generating materials could potentially have
toxicity issues due to their peroxide content.

Increasing POG concentrations have

shown to be detrimental to cell viability.[25] Thankfully, these concentrations are above
the therapeutic dose and delivery and concentrations of these future therapies can be
controlled.
14

Reactive Oxygen Species & Hyper Oxygenated Environments
Providing oxygen to a hypoxic or ischemic environment is the desired end goal
for any oxygen replacement therapy, but delivering the right dose to where it’s most
needed can raise additional concerns to neighboring healthy tissue. Hyperbaric oxygen
therapy and liquid-based oxygen carriers cannot ensure that 100% of the supplemental
oxygen is only delivered to the ischemic/hypoxic tissue and not anywhere else. The
distribution of oxygen does not discriminate against healthy tissue in favor of ischemic.
Oxygen will start to disseminate from its carrier the moment it is introduced to the host.
This will result in a decrease of the carrier’s oxygen concentration from the point of
introduction to where it is ultimately needed, which could be insufficient to treat the
hypoxic environment.

Increasing the carrier’s oxygen concentration could create a

hyper-oxygenated environment upstream of the ischemic injury. Too much oxygen can
also cause apoptosis and cell death, and hyperoxic therapy has been linked to increased
mortality.[29]
Oxygen toxicity, being exposed to oxygen for a long enough duration & dose, has
been shown to be related to increased nervous system, pulmonary, and retinal
damage.[7] Being exposed to an elevated oxygen concentration can lead to oxidative
stress from the formation of reactive oxygen species (ROS). ROS are not uncommon to
biology, typically being formed during the normal metabolic activity in mitochondria. The
host has adaptive protective mechanisms to handle these reactive species to minimize
their resulting damage, but with increasing oxygen concentrations the amount of ROS
can increase as well, leading to increased cell and tissue damage.[7]
To minimize the possibility of oxygen toxicity, adjustments to oxygenreplacement therapies have been attempted.

Hyperbaric oxygen therapies have

typically been used for short periods of time to reduce the likelihood of ROS buildup. For
oxygen carriers, the compositions have been adjusted to meet the specific tissues
15

demands. Adding radical scavengers with POGs has been tried experimentally in vitro
to assist with the removal of formation of any hydrogen peroxide byproducts.[24, 30]
Animals/humans have natural levels of antioxidants which could be sufficient to handle
this potential POG problem.[7]
In summary, each proposed delivery method has its advantages and
disadvantages. Their modes of action and compositions are highlighted in Table 2. Our
novel use of POG-based biomaterials detailed in this document is superior to the other
noted delivery methods due to not needing a patent vasculature to transport our therapy
to the point of injury. We can generate the desired oxygen directly where it is needed
most while minimizing the distribution of the generated oxygen to other parts of the
patient’s body.

Table 2. Summary of Oxygen-Replacement Therapies. Each oxygen delivery treatment
is summarized in its mode of action, advantages, and disadvantages. The key
advantage for POGs over other therapies is the ability to deliver oxygen in situ without
the presence of a patent vasculature to transport oxygen throughout the body to the
point of injury.
Delivery
Method

Description

Bio/Cyto
Compatible
PerfusionBased
AntiMicrobial
Require
Vasculature

Hyperbaric
Oxygen

PFCs

HBOCs

LBOC

POGs

100% O2 or
Increased
Pressure

O2
Dissolved in
Organic
Fluids

O2 Bound to
HemoglobinBased
Product(s)

Solution with
a high
affinity for
O2

PeroxideBased
Materials
Decompose
to Release
O2

√

√/-

√

√

√

-

√

√

√

X

N/A

UNK

UNK

UNK

√

X

√

√

√

X
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Conclusion
Oxygen is crucial to many cellular processes to keep tissue viable. When a
patient is injured, especially with blunt trauma or penetrating wounds that the
vasculature could be damaged which would disrupt the delivery of oxygen to tissues
downstream of the injured site.

There are several different approaches being

investigated to overcome this clinical shortage, delivering oxygen to ischemic tissues to
extend viability and minimize any follow-on damage. These methods include hyperbaric
oxygen therapy, oxygen-rich fluids which mimic the blood’s capacity to deliver oxygen
through the vasculature, and chemical degradation of biomaterials to release oxygen.
Each of these methods has positives and negatives depending on its intended
therapeutic use. Additional work needs to be done to fully optimize these technologies
for treating ischemic injuries.
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CHAPTER III

PRELIMINARY RESEARCH ON PARTICULATE OXYGEN GENERATING MATERIALS

Benjamin Rowe, Catherine L Ward, PhD, George J Christ, PhD, Benjamin S Harrison, PhD
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INTRODUCTION
When a patient sustains a soft tissue injury to the extremities, several tissue
types are damaged, such as skin, hair, nerve, and muscle. While these tissues directly
at the site of injury are affected, there exists an amount of healthy, uninjured tissue that
could also succumb to follow-on injury. For example, if a patient received a blunt force
injury to the upper arm, the biceps muscle group is of immediate concern. However, the
forearm of the same limb may be completely healthy initially.

These tissues in the

forearm still require a constant replenishment of nutrients and oxygen to maintain
homeostasis, which is normally supplied by the intact arteries. If these are damaged
from the aforementioned injury and blood supply is shut off to the forearm, this tissue will
not receive these needed items. The immediately available resources will be consumed,
creating an ischemic/hypoxic environment. The forearm would then sustain damage
from the onset of ischemia if there is no external intervention.[31-35]
The lack of blood flow leads to ischemic injury. We desire to counter the hypoxic,
or lack of oxygen, aspect through supplementing the readily available oxygen by
external means.

Hypoxic injury can cause several different deleterious effects, to

include stopping cellular growth, cellular respiration, and can lead to a toxic
environment.[32]

This unwanted hypoxia can be countered to some degree by the

host’s response to hypoxia, such as increased angiogenesis.[36] These responses,
however, are still relatively slow compared to the rapid onset of hypoxic/ischemic injury.
The size of injury is also a large factor, so that the rate of angiogenesis (~1 mm/day) is
insufficient to counter volumetric injuries of 1 cm3 or greater.[37]
Using oxygen generating materials is a new method to provide oxygen to
hypoxic/ischemic tissue.[22, 38] These materials have been shown to be useful as a
source of supplemental oxygen in industrial applications such as soil rejuvenation [1921, 39, 40] and as bleaching agents[41, 42], and are also of interest for use in tissue19

engineering constructs.[22, 24, 43] These materials’ source of oxygen is from their
formation of hydrogen peroxide in aqueous solution. Hydrogen peroxide is subsequently
broken down to release oxygen. Their individual balanced equations are as follows:
SPO: Na2CO3 . 1.5 H2O2  2 Na+ + CO32- + 1.5 H2O + 0.75 O2
CPO: CaO2 + H2O  Ca(OH)2 + 0.5 O2
Hydrogen Peroxide: H2O2  H2O + O2
There is concern regarding the formation of the intermediate compound,
hydrogen peroxide. Increasing concentrations can lead to a toxic environment to cell
and tissue viability.[44, 45] Toxicity can be due to the increasing amounts of several
items, such as the presence of the hydrogen peroxide itself, the production of hydroxyl
radicals or other reactive oxygen species, or oxygen.[46] Therefore, the first set of
experiments performed was to determine initial working concentrations of our POG
compounds.
Initial POG work focused on quantifying basic characteristics of our two POGs in
cell culture. Sodium percarbonate and calcium peroxide have differing decomposition
kinetics.

Sodium percarbonate dissociates rather readily in water, due to its loose

association between the sodium cation and percarbonate anion. This allows for the
rapid decomposition of percarbonate to hydrogen peroxide, which the host can readily
metabolize to oxygen and water. Calcium peroxide is much more slower-acting, due to
its limited solubility in water and the ionic bonding between calcium and peroxide.[39]
This results in a slower oxygen-forming profile, which can be measured in hours to days
as compared to minutes of sodium percarbonate.
Cell viability studies were performed using cultured myoblasts and fibroblasts in a
hypoxic environment with and without the presence of POGs[43]. Using SPO, dose
response relationships demonstrated a concentration window (0.1 – 10 mg/mL SPO)
which is beneficial for the preservation of myoblast cells in culture (Figure 1). Notice that
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the addition of catalase, a reactive oxygen scavenger and hydrogen peroxidase, greatly
increases the concentration window. Sodium percarbonate alone is potentially toxic at
larger than 0.1 mg/mL concentrations, but the addition of catalase shows an overall
benefit until 10. mg/mL, a potential increase of two orders of magnitude.

Figure 1. Cell viability assay of C2C12 myoblasts with increasing SPO concentrations
with & without bovine catalase (100 U/mL).[43]

Following our in vitro experiments, the next step to show the utilization of POGs
in hypoxic/ischemic injury was to move to tissue. The tissue of choice for our research
group is skeletal muscle. Skeletal muscle has a high metabolic demand for oxygen.
Permanent functional deficiency and tissue damage can result from ischemic injuries as
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soon as 2 to 4 hours after ischemic onset. Surgery to repair the damaged arteries and
veins can be difficult due to their anatomical location and extent of injury.
Skeletal muscle is primarily composed of Type I and Type II fibers. Type I red
fibers are known as the slow-twitch oxidative fibers. Type II white fibers are fast-twitch
anaerobic fibers.

The progression for the onset of ischemic injury begins with the

consumption of cellular glycogen and creatine phosphate, followed by adenosine
triphosphate (ATP). Once ATP levels are significantly decreased (~20%) tissue can
become necrotic. The innermost portions of the injured tissue is most affected, as any
oxygen present in the residual blood present in the arteries or from external intervention
cannot diffuse quickly enough to this deep tissue.
For our first set of experiments, organ bath experiments using the Extensor
Digitorum Longus (EDL) muscle were used. The EDL is a cylindrical skeletal muscle
located in the rat hind limb.

This muscle can be harvested and contractile force

measurements can be measured.
An experimental protocol was established to measure force measurements of the
EDL muscles using an organ bath setup. Muscles were collected from animals and then
mounted in a DMT organ bath chamber filled with a Krebs-Ringer bicarbonate-buffered
solution maintained at physiological temperature (37°C). Oxygenated conditions were
established by bubbling 95% O2 – 5% CO2 gas and force measurements were recorded
(Figure 2). In the figure below, we can see that increasing the SPO concentration in an
oxygenated environment can be detrimental to the muscle contractility. Concentrations
above 1.0 mg/mL (5 & 10. mg/mL as shown) show significant decreases over saline
(untreated) controls.[43]
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Figure 2. Specific Force Measurements of EDL muscles in an oxygenated environment.
Increasing SPO concentrations (>1 mg/mL) show a significant decrease in the muscle
contractility.

A second set of experiments involved removing oxygen from solution by bubbling
95% N2 – 5% CO2 gas to create a hypoxic environment (Figure 3).

Experimental

parameters were adjusted to establish an irrecoverable functional loss from hypoxic
injury.
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Figure 3. Specific Force Measurements of EDL muscle in a Hypoxic Environment with
and without SPO. SPO (1.0 mg/mL) shows a significant increase in muscle contraction
measurements compared to non-treated saline controls. [43]

Under hypoxic conditions, the tissues which received the SPO doses of 1.0
mg/mL experienced showed a significantly higher contractility than the untreated hypoxic
controls.

This dose concentration (1.0 mg/mL) would be used in further models to

expand our research into a more clinically relevant injury model.
The next set of experiments to further our POG research was to transition from
our ex vivo experimental data to an in vivo model. Rodents have been commonly used
for ischemic injury models. The rodent hind limb muscles’ main blood supply comes
from the femoral which branches off from the common iliac artery. Surgically-inducing
ischemia is typically performed by ligating either of these arteries to cause ischemia to
the hind limb. However, blood flow to the hind limb can be restored rather quickly.
Some studies have shown that iliac ligation surgeries can reduce the blood flow to the
hind limb, but had returned to normal 5 days after surgery.[47] During this initial post-
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surgery period, however, blood flow is reduced, so adjusting additional parameters to
overwhelm the tissue’s functional reserve would be a suitable model for ischemia.
In our initial pilot in vivo study, we wanted to demonstrate the utility of POG
intervention in an ischemic injury model.[43] Adult female Lewis rats were used as our
ischemic injury model. The left common iliac artery was ligated directly at the abdominal
aortic branching and the animal was given 24 hours for post-surgery recovery and
ischemic injury onset.

There were three experimental groups used:

an uninjured

experimental control, an ischemic injury group which received saline-only intervention
(vehicle only control), and a POG intervention (SPO in saline) experimental group.
To determine the proper SPO dose and concentration for this study, data from
the previous EDL ex vivo organ experiments were scaled to the larger TA muscle. A
typical rodent’s EDL muscle has a mass of approximately 100 mg but a healthy TA
muscle is in the range of 400-500 mg, a four-fold increase in mass. Therefore, the
previously considered optimal SPO concentration and dose for the EDL (1 mg/mL, 20.
L total dose) was quadrupled for the TA experiments (2 mg/mL, 40. L total dose).
These parameters were agreed upon after balancing the concerns regarding
concentration and total volume injected into the muscle. Injecting too large a volume
could also be detrimental as it could introduce compartmental injuries at the point of
injection.

To mitigate this concern and to assist in the full dispersion of POGs

throughout the muscle, POGs were injected in four equidistant sites along the length of
the TA muscle.
Ischemic injury extent was determined using functional measurements. Muscle
contractile measurements of the anterior crural muscles were measured using a
customized force measurement setup. Briefly, rodents were anesthetized and their left
hind limbs were secured to a force transducer to measure muscle force output.
Sterilized percutaneous platinum electrodes were inserted into the hind limb to stimulate
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the common peroneal nerve, which innervates the anterior crural muscles. Contractions
were initiated by electrical stimulus and force measurements were recorded. Vehicleonly or SPO-saline injection groups were treated immediately prior to electrical
stimulation. Maximal tetanic measurements were recorded every five minutes for an
hour. Following functional testing the animals were euthanized and TA muscles were
collected for histological analysis.
Functional testing showed significant differences between treatment groups.
Saline-only treated animals experienced a steady decline from baseline to no response
after approximately 35 minutes after functional testing began.

SPO-treated animals’

responses were also reduced, but maintained an increased response, termed a
‘functional reserve’ of 25-35% over non-treated injury, after 15 minutes of testing
throughout the remainder of the experiment (Figure 4).[43]

Figure 4. In Vivo TA Muscle Contractility with and without SPO in Hind limb Ischemia.
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Our future experimental plans were separated into two objectives, 1) To better
characterize our ischemic injury model by determining the extent of injury prior to
functional testing, and 2) To compare the functional preservation in our ischemic injury
model using two different POGs (sodium percarbonate versus calcium peroxide) and
potentially adjusting their oxygen-release kinetics by the addition of a hydrogen
peroxidase. The next two chapters summarize our findings for these two objectives. In
Chapter IV we improved our animal model used in our pilot study and included some
non-invasive methods to quantify the correlation between the extent of ischemic injury
and muscle function loss.

Chapter V used this animal model to determine the

effectiveness of differing POG formulations (sodium percarbonate or calcium peroxide
and the addition of an oxygen-scavenger / hydrogen peroxidase) for treating ischemic
injury.
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CHAPTER IV

MAGNETIC RESONANCE IMAGING VALUES CORRELATE TO EXTENT OF INJURY
IN AN ACUTE ISCHEMIC INJURY RODENT ANIMAL MODEL

Benjamin Rowe, Aaron M Mohs, PhD, George J Christ, PhD
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ABSTRACT
Ischemic injury can cause irrecoverable loss of function in skeletal muscle if not
treated. Oxygen delivery therapies are under development to preserve viability and
function of ischemic tissue. To determine appropriate treatment for the sustained injury,
our group wanted to develop a protocol which would use a non-invasive method to
measure the extent of ischemic injury. Female Lewis rats were anesthetized and the left
iliac artery and vein were ligated to establish an ischemic injury in the left hind limb.
After post-surgery recovery, functional measurements of the left anterior crural
department were recorded by measuring dorsiflexion of the hind foot by electrical
stimulation of the common peroneal nerve. MR imaging experiments were conducted
after functional assessments. Results show that the ischemic limbs had significantly
elevated MRI values (T2-weighted – Control 19.9 ms vs Ischemic 29.8 ms, p<0.001 and
contrast agent-enhanced T1 imaging, p<0.05) compared to their contralateral control
limbs. In this article we report that there is a correlation between non-invasive MR
imaging values (T2 and contrast agent-enhanced T1) and the extent of injury in an acute
ischemic injury model.

INTRODUCTION
Blunt force trauma injuries are a family of complex survival injuries that involve
several different types of tissue (skin, nerve, and muscle) not only at the point of injury,
but also downstream of the vasculature if arteries have been severed. Skeletal muscle
has a high metabolic demand, and therefore, requires large amounts of oxygen for
viability and function.

If the arteries supplying blood and oxygen to the tissue are

damaged, skeletal muscle can become ischemic in as little as four hours after injury
resulting in irrecoverable muscle function and tissue necrosis.[32]
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Our research group is working on a novel therapy to deliver physiological
amounts of oxygen to ischemic tissue to preserve muscle function and tissue
viability.[43] Our initial animal pilot study has demonstrated that we can maintain a
functional reserve in an ischemic hind limb model using our therapy. To improve on our
pilot study, we wanted to investigate a method to quantify the extent of ischemia in our
animal models prior to therapy introduction or functional assessment. To that end, we
wanted the ability to determine the extent of ischemic injury prior to introducing our
therapy and performing functional assessments.
Magnetic resonance imaging (MRI) is a non-invasive imaging method that has
shown great promise in giving a large amount of information in real time of a tissue being
monitored. MRI is a routine clinical imaging modality for the detection and diagnosis of
multiple conditions, such as soft-tissue, neurological, and cardiovascular disorders.[4851] Prior work studying myocardial infarction has shown that MRI can be a valuable tool
for measuring the extent of injury. More applicable to our research, there have been
initial results showing that the onset of ischemic injury in rabbits can be monitored using
MRI.[52, 53]

We hypothesize that we can use similar experimental parameters to

measure and quantify the extent of ischemic injury in skeletal muscle. We can then
tailor future oxygen delivery therapy to meet the metabolic demand to maximize tissue
preservation.

MATERIALS & METHODS

Ischemic Injury
Adult female Lewis Rats (n=9, 250-290g) were used in this experiment. Rodents
were housed in IACUC-approved housing with a 12-hour light/dark cycle and had
unlimited access to food and water. To create an ischemic injury, the left iliac artery &
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vein were ligated. Animals were prepared aseptically on a heated pad and anesthetized
with 2-3% isoflurane. A midline laparotomy was performed to expose the left iliac artery
& vein. The vein and artery were then ligated directly distal to the abdominal bifurcation
with 5.0 vicryl suture and severed downstream of the ligation to ensure no blood flow to
the left hind limb. After ligation, the midsection was closed in three layers and the
animal was placed in a new cage for 24 hours recovery time prior to follow-on functional
testing.

Functional Assessment
Muscular function tests were performed at two different time points:

initial

baseline measurements 48 hours prior to laparotomy surgery, and 24 hours post-surgery
for post-surgery ligation and ischemic measurements. Functional tests were performed
as follows: animals were kept under anesthesia with 2-3% isoflurane and warmed on a
heated pad to minimize physiological heat loss. The left hind limb would be prepared
aseptically and positioned so that the knee would form a 90 degree angle with the femur
and tibia. The foot was secured to a footplate attached to a computer-controlled Aurora
Scientific 305C-LR-FP servomotor. Sterilized needle electrodes were inserted into the
left hind limb to stimulate the common peroneal nerve, which in turn causes the left hind
limb muscles, primarily the tibialis anterior (TA) muscle, to contract. Electrical stimulus
was applied using a Grass S88 stimulator. Position of the electrodes and stimulation
responses were optimized prior to each functional assessment using twitch contractions
of 1 Hz (400 ms train of 0.1 ms pulse of 1 Hz) followed by a maximal tetanus (100 Hz).
A force frequency curve was then measured (Frequencies 1 – 200 Hz, 45 seconds rest
between stimulations).
After the 24-hour post-surgery recovery, a second functional assessment was
performed with identical parameters to the initial baseline measurement. Next, the left
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hind limb was exhausted using a continual stimulation protocol (10 Hz stimulation at 1
pulse per second for 5 minutes). This was to simulate an aerobic exercise session,
which should exhaust any oxygen reserve remaining in the anterior crural compartment.
After two minutes rest, a final force frequency curve was recorded. The animal was then
returned to their cage.

MRI Imaging
MRI imaging was performed on a Bruker Biospin 7T small animal MR scanner.
All MR imaging experiments were performed approximately 12-18 hours after postsurgery functional assessments, equating to 36-42 hours post-surgery. Animals were
induced and kept under anesthesia by 2-3% isoflurane inhalation. Depth of anesthesia
was maintained by electronic monitoring of respiration rates, and isoflurane
concentration was adjusted accordingly. Once placed in the MRI scanner, a quick scan
of each animal was performed to ensure adequate positioning of the hind limbs for
proper data acquisition. MRI imaging planes were set to scan cross-sectional areas in
the middle of the TA muscle belly. MRI sequences were then performed as follows: (1)
T2 relaxation (Matrix 256x256, Slice thickness 2.0 mm, 4 sections, TR = 12 sec, TE =
10-160 ms) and (2) Gadolinium-enhanced T1-weighted scans.

Contrast agent was

injected IP (200. L) and scans were taken every five minutes for 25 minutes. Total
scan time was approximately 75 minutes per animal.
For MRI measurements, regions of interest (ROIs) were manually drawn to
enclose the TA muscles of both the ischemic/test limb and the contralateral control using
image processing software (ImageJ; NIH, Bethesda, MD). Intensity values of ROIs were
then used to calculate T2 relaxation rate using standard relaxation rate algorithms [54]
and relative T1 values. Individual slice MRI T2 and T1 times were then averaged to give
the final corresponding T2 and T1 times.
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Histological Analysis
After MRI imaging experiments were completed, the animals were euthanized
and TA muscles of both hind limbs were harvested. The right contralateral limb muscles
were used as baseline controls for the test limb for each animal for analysis. Tissues
were fixed with 10% Neutral Buffered Formalin Solution and embedded in paraffin.
Morphological comparison was performed using standard Hematoxylin & Eosin Staining
and Masson’s Trichrome Staining protocols. Multiple images were collected using a
Leica upright microscope.

Statistical Analysis
Statistical analysis was performed on functional data and MRI images using
GraphPad Prism 6.0. All results are given as the arithmetic mean +/- standard error of
the mean (SEM). Repeated Measures Analysis of Variance (ANOVA with Tukey posthoc analysis) and paired t-tests were performed over all variables when appropriate.

RESULTS

Overall Experimental Timeline
Each animal underwent the same experimental timeline as highlighted in Figure
1. Baseline functional measurements were recorded on uninjured left hind limbs in adult
female Lewis rats. Forty-eight hours later, we performed a ligation surgery on the left
iliac artery & vein to stop blood flow to the left hind limb to start the ischemic injury.
Following a twenty-four hour recovery period, animals received their determined
intervention and functional measurements were taken. Once functional measurements
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were completed, the animals were transported for MRI imaging, which was performed
12-16 hours after functional assessments.

FIGURE 1. Experimental Timeline. Baseline functional measurements were recorded
48 hours prior to iliac ligation surgeries. Twenty-four hours after surgery, intervention
and functional assessments were taken. Animals were then transported for MRI imaging
experiments, which occurred approximately 36-42 hours after ligation surgery. Animals
were euthanized immediately after their MRI experiments were complete.

Functional Measurements
To create ischemia in the rodent hind limb, we followed our group’s previously
established model. Briefly, we ligated the left iliac artery and vein and allowed the
animal to recover for 24 hours. We then tested for ischemia by measuring the functional
loss of the anterior crural compartment of the ligated limb (labeled LIGATION) compared
to a baseline (labeled BASELINE), which was recorded 48 hours prior to surgery.
Contraction of the anterior crural compartment was measured by neural stimulation of
the common peroneal nerve, creating a force frequency curve (Figure 2).

After

recording this measurement, we then attempted to fully exhaust any remaining oxygen
reserve in the muscle via a submaximal stimulus profile consisting of a 10 Hertz pulse
per second for five minutes. The recorded functional response of this pulse profile for
each animal had been reduced to a non-significant value (data not shown) by the end of
the 5 minute time period. After a two minute rest period, a final force frequency curve
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(labeled ISCHEMIC) was recorded using the same parameters as the two previously
recorded curves.

FIGURE 2. Ischemic muscle shows contractility decrease with continual stimulation. An
isometric torque (Nmm) force frequency curve (1-200 Hz, 0.1 ms pulse width, 400 ms
train duration) was recorded 48-hours prior to surgery (Baseline), 24-hours post iliac
artery ligation surgery (Ligation) and following a prescribed exercise regimen (Ischemic,
10 Hz pulse frequency, 0.1 ms pulse width, 200 ms train duration, 1 contraction every
second for 5 minutes). (N=9, * = p<0.05, *** = p<0.001. Repeated Measures One Way
ANOVA with Tukey Post-Hoc analysis)

Functional measurements showed a significant difference between the baseline,
ligation, and ischemic force frequency curves. (Figure 2. Repeated Measures One Way
ANOVA with Tukey post-hoc analysis, Baseline vs Ligation, p<0.05, Baseline vs
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Ischemic p<0.001, Ligation vs Ischemic, p<0.01). To maximize the signal-to-noise ratio,
normalized maximal force measurements (100 Hz) were compared for significance
between

experimental

groups

(Figure

3).

Separating

individual

functional

measurements showed the variability in the degree of functional loss from surgery and
near complete exhaustion of the ischemic limb following the exercise protocol (Figure 4).

FIGURE 3. Normalized Functional Measurements. Functional measurements
normalized to their uninjured baseline showed a significant decrease in their maximal
tetanic response (100 Hz or above). Submaximal tetani (<60 Hz) showed no significant
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differences. N=9. * - p<0.05, ** - p<0.01, *** - p< 0.001. Repeated Measures One Way
ANOVA with Tukey post-hoc analysis.

FIGURE 4. Functional Response Comparisons per Individual Animal. Each animal’s
post-surgery ligation and ischemic function response curves were normalized to their
respective baseline. (100 Hz, 0.1 ms pulse width, 400 ms train). Functional responses
could be classified into two groups, High Functional Deficit (HFD – Ligation < 60%
Baseline) and Low Functional Deficit (LFD – Ligation > 60% Baseline).

MRI Imaging
Using standard MRI algorithms, T2 relaxation times were calculated for both the
control and ischemic limbs.

Intensity pixilation measurements were recorded using

manually configured regions of interest in each MRI image using ImageJ software.
(Figure 5) The T2 relaxation times were calculated using 17 echo times (0 – 160 ms in
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10 ms increments) and curve fitted as a nonlinear fit to an exponential function with
noise correction.

Individual MRI slice calculated values (4 per image) were then

averaged to give the reported T2 values. Ischemic limbs’ calculated T2 values were
significantly higher than control (Figure 6A. Control T2 = 19.92 +/- 0.09 ms, Test T2 =
28.32 +/- 1.62 ms, p<0.001). Individual T2 times showed a similar trend as the ischemic
functional measurements, where several have a highly elevated T2 time as opposed to
others which are slightly different from their contralateral control (Figure 6B).
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FIGURE 5. MRI TA Muscle Regions of Interest. MRI shows correlation between extent
of ischemic injury and increased signal. (A, B) MRI scans were taken mid-belly of the
TA muscle, as demonstrated. The resultant images show the uninjured limb in the upper
left and the injured ischemic limb in the upper right portions of each image. The
abdomen/tail is seen in the lower section of each image. Highlighted ROI were
determined on each MRI scan to include the TA muscle for both the uninjured and
ischemic muscles for ImageJ analysis. MRI T1-weighted and T2 images of ischemic
limbs gave higher intensity readings dependent on the extent of ischemic injury. (C, E)
High Ischemic Injury, (D, F) Low Ischemic Injury. Control MRI values were measured
using the contralateral limb. MRI values were calculated using intensity measurements
of the ischemic and control tibialis anterior muscles (highlighted). E – T2 Right = 19.6
ms, Left = 41.2 ms F – Right = 20.0 ms, Left 20.6 ms

FIGURE 6. MRI T2 Relaxation Rates. (A) Calculated test limb T2 values were
significantly higher than their contralateral control limbs. (N=9, ** - p<.01, Two-tailed
paired t test) (B) Individual T2 Relaxation Rates show a link between high T2 value and
functional deficit. All HFD animals had the highest T2 values of their respective test
limbs. Control limbs showed no difference between animals.
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T1 MRI analysis measurements were recorded using similar regions of interest.
Scans for T1 analysis were taken every 5 minutes for 25 minutes, so the maximum
intensity values for each animal were used for comparison purposes. Ischemic and
control limb measurements were compared using the measured T1 intensity. There
showed to be a significant difference between control and ischemic limbs (Figure 7A,
Two-tailed paired t test, N=9, p=0.0253), with the greatest increases (Figure 7B) being in
the same animals that had the largest differences in the T2 relaxation times.

FIGURE 7. T1 Contrast Agent-Enhanced Weighted MRI Measurements. T1 values
were calculated using intensity pixilation measurements. (A) Ischemic limbs showed
significantly increased values compared to their contralateral uninjured control limbs.
(N=9, p=0.0253, Two-tailed paired t test) (B) Individual T1 measurements show a
correlation between ischemic injury and T1 value. All animals classified as HFD also
gave the greatest T1 values.

Histology
Basic morphological analysis was performed on the control and test tibialis
anterior muscles via Hematoxylin & Eosin (Figure 8) and Masson’s Trichrome Staining
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(Figure 9). Control limbs cross sections for all animals showed normal fiber morphology
& packing with peripherally-located nuclei.

Representative histological cross-section

slides are shown in Figure 8. Some test animals, which showed little difference between
T2 or T1 measurements in control and test limbs showed little difference in fiber
morphology.

Test limbs which had the highest elevated T2 and T1 measurements

showed signs of swelling and irregular fiber packing.

FIGURE 8. Hematoxylin & Eosin Staining. (A-C) H&E staining of test limbs of animals
with low ischemic injury. These sample show normal muscle tissue morphology. (D-F)
Stained slides of animals with significant ischemic injury. There are definite early signs
of tissue damage, i.e. edema & irregularly shaped muscle fibers. Magnification = 100X.
Scale = 100 m.
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FIGURE 9. Masson’s Trichrome Staining. (A-C) Staining of animals with minimal
ischemic injury. These samples show normal muscle tissue morphology. (D-E)
Staining of test limbs of animals with significant ischemic injury. Here there are early
signs of muscle tissue damage, i.e. edema, irregularly shaped muscle fibers.
Magnification = 100X. Scale = 100 m.

DISCUSSION
The primary goal of these experiments was to characterize the extent of ischemic
injury in the animal following interruption of the blood flow to the hind limb. Our previous
work primarily gauged the extent of ischemic injury in our injured tissues by the loss of
muscle contractile force in our functional assessment experiments.[43] A key concern is
that in determining the amount of injury and loss of function in our injured animal we
would be potentially increasing the ischemic injury. If taken too far, the likelihood for
functional recovery or tissue preservation with any follow-on therapy would not exist.
We wanted to find non-invasive means to determine the extent of ischemia in our tissues
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of interest, so that when functional response measurements are taken, we can discern
the amount of function resulting from injury with or without therapy.
There are several different imaging methods that can and have been used to
analyze animal injury. These include ultrasound, near infrared scanning, and magnetic
resonance imaging. We chose to use MRI imaging because it has been a valuable
imaging tool in several studies of skeletal muscle ischemia because it can provide large
amounts of data in real time non-invasively.

For our experiments, we decided to

measure T1 and T2 values. Increases in these MRI values have been linked to the
onset of ischemic injury in rabbits.[55]
To establish our ischemic injury model, blood flow to a rat hind limb is
interrupted. Prior work in our research group has shown that to produce a reproducible
ischemic injury, we need to ligate the iliac artery and vein directly distal to the aortic
abdominal bifurcation. Following a 24-hour recovery period to allow for ischemia onset,
the animals’ hind limbs are then assessed for muscle function. Each animal’s functional
deficit was compared to its own baseline, recorded 48 hours prior to surgery or 72 hours
before the post-surgery functional assessment.

The data shows that there is a

significant decrease in the maximal tetanic response in the post-surgery assessment
compared to baseline.
With our experiments, we see a significant difference between our experimental
time points along all variables (functional deficit, T1, T2). If we further investigate the
experimental data to individual animals, we see that those with the greatest decrease
between their baseline and post-surgery functional measurements, deemed their
functional deficit, also had the largest elevated T1 and T2 values over their contralateral
non-injured control limbs. This experimental trend suggests that these MRI values can
be linked to the extent of ischemic injury sustained by the animal.
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T2 imaging has long been used as a tool to diagnose edema by comparing the
relative amounts of water in tissue.[56, 57]

Water has a long T2 relaxation rate

compared to other tissues commonly imaged (i.e. fat, muscle). Therefore, if the amount
of water increases in the tissue, which would be concurrent with the presence of an
inflammatory response, such as edema, then the resulting T2 relaxation rate would be
increased. The more edema that exists in the tissue, the greater the injury sustained,
which would lead to a larger functional deficit in our skeletal muscle model.
Histological samples were collected after MRI measurements were taken and the
animals were euthanized. While the entire anterior crural compartment, consisting of
three muscles (extensor digitorum longus, extensor hallucis longus, and tibialis anterior),
was stimulated during our functional assessments, the majority of dorsiflexion output
originates from the tibialis anterior (TA) muscle.

Subsequent MRI showed that the

primary area of increased signal was from the TA muscle. Therefore, we only collected
the TA muscle for histological analysis. These histological samples showed increased
nuclear staining & abnormal tissue morphology in the animals with the largest increases
in MRI calculated values, which also suggests a greater extent of injury.
If we consider segregating the animals into two separate groups, based on the
calculated T2 & T1 values, we can more clearly see a difference and correlation
between what has been considered a High Functional Deficit and Low Functional Deficit.
The cutoff between these two groups, where the resultant MRI values are significantly
increased, seems to be very distinct at the 0.60 or 60% normalized functional response.
While three of the four animals showing the greatest increases in MRI values had a
much greater drop in functional response to their LIGATION response compared to
BASELINE, one animal (Number 8 – Figures 4, 6, 7) still retained a LIGATION response
just under 60% of its BASELINE. One of the animals with similar MRI values from test
limb to its contralateral control (Number 1 – Figures 4, 6, 7) had a slightly greater than
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60% LIGATION response to BASELINE. By this rationale we are considering the 60%
functional response as the cutoff for consideration between High and Low Functional
Deficits. These values have been separated by this rationale and are summarized in
figures 10-12. It should be noted, however, that while statistical analysis showed a
greater significance in the T2 values of the less ischemic limbs (Low Functional Deficit)
the calculated values were nearly identical to their uninjured controls. This is more an
effect from the very small variances in this experimental group compared to the large
variance seen in the highly ischemic limbs (High Functional Deficit).
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FIGURE 10.

Functional Responses Separated by High & Low Functional Deficits.

Maximal tetanus measurements (100 Hz) were separated into High and Low Functional
Groups based on LIGATION : BASELINE ratio. (A) All Functional Data. N=9. (B) High
Functional Deficit: LIGATION : BASELINE Ratio < 0.60. (C) Low Functional Deficit.
LIGATION : BASELINE > 0.60. * - p<0.05, ** - p<0.01, **** - p<0.0001. One Way
ANOVA with Tukey Post Hoc analysis.
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FIGURE 11. T2 MRI Values Separated According to Functional Deficit Experimental
Groups. Control values are the uninjured, contralateral limbs for each experimental
group. Test values are the calculated T2 values of the ischemic limbs. (A) All Values,
N=9.

(B) High Functional Deficit, LIGATION : BASELINE < 0.60, N=4.

(C) Low

Functional Deficit. LIGATION : BASELINE, N=5. * - p < 0.05, ** - p < 0.01. One Way
ANOVA with Tukey Post Hoc Analysis.
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FIGURE 12. T1 MRI Values Separated According to Functional Deficit Experimental
Groups. Control values are the uninjured, contralateral limbs for each experimental
group. Test values are T1 values of the ischemic limbs. (A) All Values, N=9. (B) High
Functional Deficit, LIGATION : BASELINE < 0.60, N=4. (C) Low Functional Deficit.
LIGATION : BASELINE, N=5. * - p < 0.05, ** - p < 0.01. One Way ANOVA with Tukey
Post Hoc Analysis.

It should be noted that the remaining four animals with similar MRI values
between their test and control limbs also maintained a functional response above 60% in
their LIGATION values.

ISCHEMIC values for all animals were greatly diminished

compared to BASELINE, so any attempt to determine correlation between ISCHEMIC
functional responses and the MRI values did not give any positive results. Other factors
which may play a role here could be the acute buildup of ROS or glycolysis by-products
(such as lactic acid) which may be interfering with muscular stimulation while recording
ISCHEMIC force frequency measurements. Since the animal’s MRI values were not
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taken until 12-16 hours post-functional measurements, this may have allowed some
level of recovery for the animal by byproduct removal either by diffusion or collateral
vasculature.
One of the concerns with our experimental model is the time difference between
post-surgery functional testing and MRI imaging. Our primary concern was to maintain
the 24-hour recovery period between surgery and functional testing. This had been
established in our group’s previous work as being the optimal time window for ischemia
onset. [43, 58] For this initial imaging experiment, it was not feasible to maintain this
24-hour window precisely while concurrently acquiring MRI imaging data.

Time

requirements for acquiring post-surgery and MRI images precluded performing these
two sets of experiments sequentially per animal. We believed that the precision of postsurgery functional measurements would be more time-critical than the MRI data. Rats
have a high rate of angiogenesis following arterial injury and a large amount of collateral
vascularization, which would potentially affect our ischemic functional measurements.
MRI experiments could also be affected by the improved angiogenesis due to the
increased time between injury and imaging, but we believe not to the same extent. If
there would be a difference between our obtained imaging and a corresponding MRI
experiment obtained twelve hours earlier at the 24-hour post-surgery time point, the
difference would amount to us underestimating the amount of edema/tissue damage
with our delayed MRI imaging.
We hope to continue this work with increasing our utilization of MRI in our
protocol timeline. While all our MRI data was performed after our ischemic functional
assessments, there is reason to expect that we should be able to use MRI as a means
to monitor the onset of ischemic injury in the animals after surgery. All animals behaved
normally prior to surgery, as their baseline functional data and control MRI values were
very similar. It is believed that the animals with higher functional responses over time
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could develop a more ischemic injury, so we could save number of animals used and
instrument time by waiting until the imaged MRI data fall into a determined ‘window of
ischemia.’
Our future work will be to determine what threshold values are needed to
determine extent of ischemia and to include treatment with POGs to determine level of
tissue and functional preservation can be achieved with our oxygen-delivery
biomaterials.
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CHAPTER V

OXYGEN GENERATING MATERIALS CAN IMPROVE THE PRESERVATION OF
SKELETAL MUSCLE FUNCTION IN AN ACUTE ISCHEMIC INJURY RODENT ANIMAL
MODEL

Benjamin Rowe, Aaron M Mohs, PhD, Benjamin S Harrison, PhD, George J Christ, PhD
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ABSTRACT
Ischemic injury can cause irrecoverable loss of function in skeletal muscle if not
treated. Oxygen delivery therapies are under development to preserve viability and
function of ischemic tissue.

Several of these therapy options include the use of

hyperbaric oxygen or oxygen-saturated liquids.

These solutions are insufficient for

injuries lacking a patent vasculature to deliver these therapies from the point of delivery
to the patient (such as IV-fluids) to the point of injury.

The benefit of an oxygen-

generating biomaterial is the ability to deliver oxygen directly to an ischemic injury
without the concerns of distribution throughout the body.

Female Lewis rats were

separated into six different experimental groups, depending on intervention. Animals
were anesthetized and the left iliac artery and vein were ligated to establish an ischemic
injury in the left hind limb. After post-surgery recovery, animals were treated with an
intervention depending on their experimental group, and functional measurements of the
left anterior crural compartment were recorded.

MR imaging experiments were

conducted 12-18 hours after post-surgery functional assessments. Results indicate that
a quick-acting oxygen-generating material or formulation can be beneficial to preserving
skeletal muscle function associated with increasing ischemic injury.

INTRODUCTION
Blunt force trauma injuries are a family of complex survival injuries that involve
several different types of tissue (skin, nerve, and muscle) not only at the point of injury,
but also downstream of the vasculature if arteries have been severed. Skeletal muscle
has a high metabolic demand, and therefore, requires large amounts of oxygen for
viability and function.

If the arteries supplying blood and oxygen to the tissue are

damaged, skeletal muscle can rapidly become ischemic and the patient could sustain
irrecoverable muscle function and tissue necrosis.[32]
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New therapies which could deliver suitable amounts of oxygen to these ischemic
tissues are active areas of research today. Several approaches have included using
hyperbaric oxygen[7, 59, 60] and/or oxygenated fluids[61-64]. These interventions have
noticeable drawbacks, unfortunately. Hyperbaric oxygen therapy is dependent on the
diffusion of oxygen, which can be suitable for superficial injury but in incapable of
delivering adequate amounts of oxygen to deeper tissue. Oxygenated fluids require a
patent vasculature to transport the carrier from the point of insertion to and downstream
of the point of injury.[33-35] This issue is compounded by concerns related to the mass
transfer of the fluid and its carried oxygen as it moves through the body. The further the
point of delivery for the replacement fluid is from the point of injury, the less oxygen is
actually delivered to the point of greatest need, which may be insufficient to meet the
demand. To counter this inherent loss to surrounding tissue by increasing the initial
oxygen concentration of the fluid may cause a hyper-oxygenated environment upstream
of the injury, which is also not beneficial to the patient.
A more suitable solution would be able to deliver oxygen directly to where the
need is greatest, without the need of an intact vessel to deliver the intervention. Our
research group has recently shown that using a Particulate Oxygen Generating (POG)
biomaterial can be useful for this purpose. Sodium percarbonate and calcium peroxide
are two commonly used materials as bleaching agents, and have been used to
rejuvenate poorly oxygenated soils for agricultural use[40], and has shown potential for
treating skin wound healing by decreasing apoptosis and delaying necrosis in a mouse
wound injury model.[22] In an aqueous environment, both compounds are broken down
to form hydrogen peroxide, which in turn decomposes to water and oxygen.

Sodium Percarbonate’s reaction in water: 2Na2CO3.3H2O2 → 2Na2CO3 + 6 H2O + 3 O2
Calcium Peroxide’s reaction in water: 2 CaO2 + 2H2O → 2Ca(OH)2 + O2
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Both materials can be purchased commercially as solid powders.

Sodium

percarbonate is water soluble and can decompose to release oxygen rapidly. Calcium
peroxide is not as soluble, and decomposes much more slowly. Previous work in our
research group has shown that these materials can be used at a concentration and dose
which promotes cell viability and function preservation in tissue both in an ex vivo and in
vivo ischemic/hypoxic environments.[43]
Our pilot animal model study used a single injection of sodium percarbonate and
demonstrated the potential for POGs to maintain a level of functional reserve in an
ischemic injury.

Prior to expanding to studying differing POG formulations, we

investigated methods to determine the extent of injury non-invasively, and discovered
that T1 and T2 relaxation rates can be correlated with ischemic injury.[51-53, 65] The
next step is to compare differing POG formulations.

Our hypothesis for this set of

experiments is that using POGs to treat ischemic injury will lead to an extended
preservation of muscular function over no treatment.

MATERIALS & METHODS

Ischemic Injury Model
Adult female Lewis Rats (230 – 310 g) were separated into six different
experimental groups, based on surgery performed and method of intervention. Two
control groups (Uninjured(n=6) and Ligation Only(n=6) surgery control) received no
POG-treatment. Four treatment groups were given either a POG-only formulation, SPO
(n=9) & CPO (n=8), or a combination of POG and catalase, SPO-CAT (n=7) & CPO-CAT
(n=8). Rodents were housed in IACUC-approved housing with a 12-hour light/dark cycle
and had unlimited access to food and water.
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To create an ischemic injury, the left iliac artery & vein were ligated. Animals
were prepared aseptically on a heated pad and anesthetized with 2-3% isoflurane. A
midline laparotomy was performed to expose the left iliac artery & vein. The vein and
artery were ligated at the abdominal bifurcation with 5.0 vicryl suture and severed to stop
blood flow to the left hind limb. After ligation, the animals’ midsections were closed in
three layers with 5.0 vicryl suture and placed in a new cage for 24 hours recovery time
prior to further experiments.

Functional Assessment
Muscle function tests were performed at two time points for each animal: a
baseline measurement recorded 48 hours prior to surgery and twenty-four hour
afterwards. All tests were performed while the animals were under anesthesia with 23% isoflurane and warmed on a heated pad to minimize physiological heat loss. The left
hind limb was prepared by shaving the limb and then disinfected with sequential
applications of iodine followed by 70 w/w% ethanol. The left limb was then positioned to
form a 90 degree angle between the femur and tibia.

The foot was secured to a

footplate attached to a computer-controlled Aurora Scientific 305C-LR-FP servomotor,
and the knee was secured via fixed clamps. Sterilized needle electrodes were inserted
to stimulate the common peroneal nerve, which contracts the left hind limb muscles.
Electrical stimulus was applied using a Grass S88 stimulator. Position of the electrodes
and stimulation responses were optimized prior to each functional assessment using
twitch contractions of 1 Hz (400 ms train of 0.1 ms pulse of 1 Hz). A maximal tetanus
(100 Hz) was then taken to optimize the quality of the curve. A maximum of three
sequences (twitch then tetanus) were taken to ensure maximal output was recorded
from the function test. Afterwards, a force frequency curve was taken (1 – 200 Hz, 0.1
ms train, 400 ms train duration, 45 seconds rest between stimulations).
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After a 24-hour post-surgery recovery, a second force frequency curve was
recorded similarly as described above. Experimental groups were then treated with their
designated intervention. Afterwards, muscles underwent a maximal tetanic stimulation
protocol, similar to what has previously been published (400 ms train, 100 Hz, 1 tetanus
every five minutes for 30 minutes then 1 tetanus per minute for 15 minutes). A final
force frequency curve was then recorded and animals were returned to their cages.

POG Intervention
Experimental groups for our set of experiments were 1) Uninjured Control –
animals did not undergo iliac surgery, but did receive the laparotomy surgery, 2) Ligation
Only – animals underwent ligation surgery but received no POG intervention, 3) SPO –
animals received a one-time injection of sodium percarbonate (0.5 mol), and 4) CPO –
animals received a one-time injection of calcium peroxide (1.1 mol), 5) SPO-CAT –
animals received a one-time injection of sodium percarbonate and catalase (0.5 mol
SPO + 40 U Catalase), and 6) CPO-CAT - animals received a one-time injection of
sodium percarbonate and catalase (1.1 mol CPO + 40 U Catalase). POG formulations
were made immediately prior to each animal’s treatment then injected IM in four
separate locations equidistant along the length of the tibialis anterior muscle, following
the Ligation Force Frequency Curve (2.0 mg/mL, 10. L per injection site x 4 sites = 40.
L total).

MRI Imaging
MRI imaging was performed on a Bruker Biospin 7T small animal MR scanner.
All MR imaging experiments were performed approximately 12-18 hours after postsurgery functional assessments, equating to 36-42 hours post-surgery. Animals were
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kept under anesthesia with 2-3% isoflurane inhalation for the duration of imaging.
Breathing rate was monitored and maintained between 30-40 breaths per minute by
adjusting isoflurane concentration. All animals were scanned in order according to their
surgery sequence. MRI sequences were performed as follows: (1) T2 relaxation (Matrix
256x256, Slice thickness 2.0 mm, 4 sections, TR = 12 sec, TE = 10-160 ms) and (2)
Gadolinium-enhanced T1-weighted scans. Contrast agent was injected IP (0.1 mg/kg)
and scans were taken every five minutes for 25 minutes.

Total scan time was

approximately 75 minutes per animal.
For MRI measurement and analysis, regions of interest (ROIs) were manually
drawn to enclose the TA muscles of both the ischemic/test limb and the contralateral
control using image processing software (ImageJ; NIH, Bethesda, MD). Intensity values
of ROIs were then used to calculate T2 relaxation rate and relative T1 intensity values.
T1 intensity readings were calculated for each time point and compared for significance.
Maximal T1 intensity values were determined at 20 minutes post-injection and this time
point values were then used for further analysis.

Histological Analysis
After MRI imaging experiments were completed, the animals were euthanized
and tibialis anterior (TA) muscles of both hind limbs were harvested. Tissues were fixed
with 10% Neutral Buffered Formalin Solution and embedded in paraffin. Morphological
comparison was performed using Hematoxylin & Eosin Staining and Masson’s
Trichrome Staining protocols.

Multiple images were collected using a Leica upright

microscope.
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Statistical Analysis
Statistical analysis was performed on functional data and MRI images using
GraphPad Prism 6.0. All results are given as the arithmetic mean +/- standard error of
the mean (SEM).

Analysis of variance (ANOVA with Tukey post-hoc analysis) and

paired t-tests were performed over all variables when appropriate.

RESULTS

POG-treatment Sustains Post-Surgical Functional Response
Experimental Timeline
The experimental timeline for this paper is summarized in Figure 1.

Initial

baseline functional measurements were recorded on each animal 48 hours prior to
ligation surgery. Following ligation surgery, the animals were given a 24 hour recovery
time to ensure onset of ischemic in the ligated limb. After this recovery period, animals
were treated with their designated treatment (No treatment, SPO, or CPO). After postsurgical functional measurements were recorded, the animals were returned to their
cages in preparation for MRI imaging experimentation. Once MRI experiments were
complete, the animals were euthanized and the TA muscles of both hind limbs were
collected for histological analysis.
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FIGURE 1. Experimental Timeline. Baseline functional measurements were recorded
48 hours prior to iliac ligation surgeries. Twenty-four hours after surgery, the animals
were treated with their POG formulation (No treatment, Ligation Only, SPO, CPO) and
functional assessments were taken. Animals were then transported for MRI imaging
experiments, which occurred approximately 36-42 hours after ligation surgery. Animals
were euthanized immediately after their MRI experiments were complete.

Functional Measurements
Three functional measurements were recorded on each animal: Baseline which
was recorded 48 hours prior to ligation surgery, Ligation which was recorded following
the 24-hour post-surgery recovery, and Ischemic which was recorded after the tetanus
stimulus protocol. (Figure 2) Uninjured controls, as expected, show no difference in
their respective functional response curves between time points (28.1 ± 1.4 Nmm vs
25.4 ± 2.3 Nmm vs 27.2 ± 2.0 Nmm).

All animals undergoing the ligation surgery

showed a consistent functional response decrease from Baseline to Ligation of
approximately 40%.
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Figure 2:

Skeletal Muscle Functional Assessments – SPO vs CPO.

measurements were recorded 48 hours prior to surgical ligation.
frequency curves were measured 24 hours after ligation surgery.

Baseline

Ligation force
Hind limbs then

underwent an ischemic exercise protocol (100 Hz tetanus, 1 tetanus every five minutes
for 30 minutes then 1 tetanus per minute for 15 minutes) and a final force frequency
curve was recorded (Ischemic). (A) Uninjured Controls showed no difference between
experimental time points. (B) Ligation Surgery only – no POG treatment, (C) Ligation +
SPO treatment (0.5 mol) (D) Ligation + CPO treatment (1.1 mol).

Experimental

groups undergoing ligation surgery gave a consistent functional loss from ligation
surgery (~40%). Residual tetanic response varied depending on the type of intervention,
SPO > CPO > No treatment.
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Force frequency curves showed variable differences between Baseline, Ligation,
and Ischemic measurements dependent on stimulation frequency. These differences
stabilized at the highest frequencies. For any further analysis, maximal tetanic force
measurements (100 Hz) were used. To better determine the effects of ligation surgery
and POG intervention, animals were compared to their own baselines. Normalizing
force measurements to the animal’s pre-surgery baseline (Baseline=1) were performed
to achieve this end. Comparing the distribution of data within each group resulted in a
small reduction of experimental numbers, which produced a level of significance for
POG intervention. Results are summarized in Figure 3.
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FIGURE 3. Normalized Torque Measurements – SPO vs CPO. Treatment with POGs
show improvement in functional response compared to non-treatment.

Maximal

torque/force measurements (100 Hz) were normalized to each animal’s baseline. (A)
Uninjured Controls.

(B)

Ligation Only – animals received ligation surgery with no

intervention. (C) SPO – Animals were treated with Sodium Percarbonate (0.5 mol) (D)
Animals were treated with Calcium Peroxide (1.0 mol). Repeated Measures One Way
ANOVA with Tukey post hoc analysis. * - p < 0.05, ** - p < 0.01.

Experimental data were compared over experimental groups.

Ligation

measurements were not deemed to be significant between non-treatment and treatment
groups (i.e. Ligation Only versus SPO-treated vs CPO-treated), demonstrating that there
was a good level of consistency for the ligation surgery. The Ligation force values were
typically 60%-70% of baseline. Comparing Ischemic force measurements to Baseline,
however, showed significance between methods of intervention.

The Ligation Only

group showed a marked decrease in function to approximately 15%-20% of baseline,
while the POG-treated groups maintained their functional response to their respective
Ligation results.

If we compare the decrease in function from Ligation to Ischemic

(Figure 4C), we see that the stimulation regimen was able to further decrease the
functional response of the Ligation Only animals to approximately 30% of their prestimulation (Ligation, Figure 4A) response. Both SPO and CPO gave similar responses
to both their pre-stimulation (Figure 4A) and post-stimulation (Figure 4B) force
measurements.

This ratio (Ischemic:Ligation) is near 1.0 for both POG treatment

groups. (Figure 4C)

62

FIGURE 4. Consolidated Ligation & Ischemic Force Measurements – SPO vs CPO.
POGs can benefit ischemic skeletal muscle. (A) All force measurements at the 24 hour
post-surgery time point showed similar responses between each experimental group.
No significance was determined.

(B)

Ischemic force measurements between

experimental groups showed significantly improved functional responses over Ligation
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Only, non-treated animals. One Way ANOVA with Tukey post hoc analysis. * - p < 0.05,
** - p < 0.01, **** - p < 0.0001.

MRI Imaging
Using standard MRI algorithms[54], T2 relaxation times were calculated for both
the control and ischemic limbs. (Figure 5) The T2 relaxation times were calculated
using exponential function curve fit with noise correction (Matrix 256x256, TE: 0 – 160
ms, thickness = 2.0 mm, 4 slices) and then averaged to give the reported T2 relaxation
rates.

The contralateral, uninjured limb T2 values were very similar across all

experimental groups, and therefore grouped into a singular value (Figure 5 –
Contralateral). In the follow-on statistical analysis, statistical analysis showed the largest
significant difference between the contralateral, uninjured & untested limbs and the
Ligation Only ischemic limbs (p<0.01). The only experimental group which did show
significance from the Ligation Only group was the SPO-treated (p<0.05, Figure 5,
below).

This is mainly in part due to the large variance seen in the Ligation Only

experimental group, which is far greater than the other MRI determined values.
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FIGURE 5. MRI T2 Relaxation Rates – SPO vs CPO. MRI measurements were
recorded 12-18 hours after post-surgery functional assessments. Only Ligation Test
limbs showed a significant increase in T2 values compared to combined contralateral
limb values. SPO-treated limbs showed significance compared to the Ligation Only
group. One Way ANOVA with Tukey post-hoc analysis. * - p < 0.05, ** - p < 0.01.

To compare T1 MRI images, intensity pixilation values were measured for the
control and test tibialis anterior muscles on each MRI image and compared.

The

maximum intensity values were collected for comparison across all experimental groups.
The contralateral limbs’ T1 values were consolidated since their values were very similar
(Contralateral, Figure 6).

All experimental test limbs’ values were greater than the

uninjured contralateral limbs. SPO-treatment showed better results than CPO treatment,
since statistical analysis showed significance between the Ligation Only and SPOtreated group, but no significance with the CPO treatment. (Figure 6).
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FIGURE 6. T1 Values – SPO vs CPO. Contrast agent-enhanced T1 MRI
measurements were recorded approximately 12-18 hours after post-surgery functional
assessments. Gadolinium contrast agent was injected IP (0.1 mg/kg) and T1 scans
were recorded every 5 minutes for 25 minutes. Maximum intensity scans were used (20
min post-injection) for comparison. SPO-treatment showed a significant decrease in T1
value compared to the Ligation Only experimental group. (One Way ANOVA with Tukey
post hoc analysis. ** - p < 0.01)

Histology
Basic morphological analysis was performed on control and test tibialis anterior
muscles via Hematoxylin & Eosin and Masson’s Trichrome Staining (Figure 7).
Contralateral control limbs cross sections for all animals showed normal fiber
morphology & packing with peripherally-located nuclei (images not shown). Ligation
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Only test limbs showed the greatest signs of irregular tissue morphology and beginning
signs of edema and tissue damage. POG-treated groups (SPO & CPO) also showed
signs of distress but still maintained large amounts of normal-looking tissue.

FIGURE 7. H&E and Masson’s Trichrome Staining – SPO vs CPO. Histology shows
improved morphology of POG-treated tissue compared to non-treated injured tissue.
After MRI measurements were taken, tibialis anterior muscles of both limbs were
harvested for histological analysis. Histology of left hind limb shown only. Hematoxylin
& Eosin (A – Uninjured Control, B – Ligation Only, C – SPO-treated, D – CPO-treated)
and Masson’s Trichrome (E – Uninjured Control, F – Ligation Only, G – SPO-treated, H
– CPO-treated) Staining show signs of increased edema and irregular muscle bundle
shapes in Ligation Only animals. POG-treated animals showed areas of normal tissue
with decreased amounts of tissue irregularity compared to Ligation Only tissue samples.
SPO-treated samples showed lesser amounts of tissue irregularity when compared to
CPO-treated samples. Magnification = 100X. Scale = 50 m.

Comparison between POG-only and POG-Catalase
The next step in our experiments was to address the concern regarding the
potential buildup of hydrogen peroxide, which is formed as an intermediate in our POGs
decomposition to release oxygen.

In our ischemic model, could the formation of
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hydrogen peroxide allow for side reactions, such as the buildup of ROS, to occur?
Ideally, we would want a complete decomposition of POGs to oxygen and no buildup of
hydrogen peroxide or ROS production.

Adding a ROS scavenger or hydrogen

peroxidase to our formulation should be able to mitigate this factor. To achieve this end,
we added catalase, a naturally occurring hydrogen peroxidase, to the POG immediately
prior to injection. Bovine catalase (Sigma Aldrich, 5000 U/mg) was dissolved into sterile
saline and immediately added to the POG solution immediately prior to IM injection.
Final concentrations of catalase for SPO-CAT and CPO-CAT was 1000 U/mL and final
dose was 40. U per animal. These concentrations/doses were similar to our group’s in
vitro work using C2C12 myoblasts in POG formulation cell viability studies.

Functional Assessment Comparison – POG vs POG-CAT
Skeletal muscle functional assessment experiments were conducted similarly as
described above. POG intervention was performed immediately after the Ligation force
frequency curve was recorded. Bovine Catalase was used in the second set of function
analysis measurements (SPO+Catalase and CPO+Catalase). Ischemic force frequency
curves showed a slight increase in maximal tetanus measurements in the
SPO+Catalase Ischemic curve, while showing a decrease in the resulting force output
with CPO-CAT. Sodium percarbonate-treated (0.5 mol) animals (Figure 8A) showed
no difference between their Ligation and Ischemic force frequency curves.

Animals

receiving catalase in addition to the SPO intervention (SPO+Catalase, 0.5 mol SPO +
40. U catalase, Figure 6C) showed a slight increase in the mean torque measurements.
One Way ANOVA with Tukey post hoc analysis showed no significant difference
between individual frequency measurements of Ligation and Ischemic Injury Curves.
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FIGURE 8. Skeletal Muscle Functional Assessments – POG vs POG+Catalase. The
addition of catalase appears to be beneficial to SPO treatment but not CPO. Baseline
measurements were recorded 48 hours prior to surgical ligation. Ligation force
frequency curves were measured 24 hours after ligation surgery. Hind limbs then
underwent an ischemic exercise protocol (100 Hz tetanus, 1 tetanus every five minutes
for 30 minutes then 1 tetanus per minute for 15 minutes) and a final force frequency
curve was recorded (Ischemic). (A) SPO treatment (0.5 mol) (B) CPO treatment (1.1
mol) (C) SPO (0.5 mol) + Catalase (40 U) Treatment (D) CPO (1.1 mol) + Catalase
(40 U) Treatment. Experimental groups undergoing ligation surgery gave a consistent
functional loss from ligation surgery (~40%). Residual tetanic response varied
depending on the type of intervention, SPO > CPO > No treatment. (One Way ANOVA
with Tukey post hoc analysis. * - p<0.05, ** - p<0.01, *** - p<0.001.)
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These differences can be better demonstrated by comparing maximum tetanic
responses. SPO-treated animals (Figure 9A) showed a maintenance of function
between their Ligation and Ischemic maximum tetanic responses. There was no
determined significance between these two values. Adding catalase with SPO (Figure
9C, SPO+Catalase) suggests that there was an increase in force output. This graph
shows no significant difference between the Baseline, Ligation, and Ischemic force
outputs. CPO-treated (1.1 mol CPO – Figure 9B) animals gave reduced torque
measurements between the Ligation and Ischemic measurements. Adding catalase
(Figure 8D. CPO+Catalase – 1.1 mol CPO + 40. U catalase) resulted in a greater
decrease in the Ischemic torque curve compared to the results given by the CPO-only
treated group (Figure 9B).
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FIGURE 9. Normalized Torque Measurements – POG vs POG+Catalase.
Measurements demonstrate the addition of catalase is beneficial to SPO but not CPO.
Maximum torque/force measurements (100 Hz) were normalized to each animal’s
baseline. (A) Ischemic limbs were treated with sodium percarbonate (0.5 mol) (B)
SPO+Catalase – Ischemic limbs were treated with SPO with Catalase (0.5 mol SPO +
40 U Catalase) (C) CPO – Animals were treated with calcium peroxide (1.1 mol) (D)
CPO+Catalase (1.1 mol + 40 U Catalase). Repeated Measures One Way ANOVA with
Tukey post hoc analysis. * - p < 0.05, ** - p < 0.01.
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FIGURE 10.

Consolidated Ligation & Ischemic Force Measurements – POG vs

POG+Catalase. The addition of catalase can be beneficial for SPO but not necessarily
CPO. (A) Force measurements at the Ligation time point (initial force measurements 24
hours post-surgery) showed similar decreases in force output for all experimental
groups. No significance was determined. (B) Normalized Ischemic measurements
(following continual stimulation) show a maintenance of force output for each
experimental group with the exception of CPO+Catalase.
determined

between

CPO+Catalase

and
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each

other

Significance was only
experimental

group.

SPO+Catalase showed a slight increase on force output compared to SPO, but no
significance was determined.

(C)

Ratio of Ischemic versus Ligation force

measurements were calculated. Significance was determined between as illustrated.
One Way ANOVA with Tukey post hoc analysis. * - p < 0.05, ** - p < 0.01, *** - p <
0.001.

MRI
MRI values (T1 relative intensity and T2 relaxation rates) were determined as
described above. ROIs were drawn to encompass each animal’s test and control tibialis
anterior muscles for analysis. Intensity measurements were determined using ImageJ
(version 1.49). Comparisons were made for calculated T2 relaxation rates between
POG-treated groups, with or without the addition of catalase. Controls limbs for all
animals groups were consolidated (Contralateral, Figure 11) since all values were very
similar (p>0.99). Statistical significance was determined (One Way ANOVA with Tukey
post hoc analysis) between the consolidated controls and each test limb group, except
for SPO+Catalase. No significance was determined between POG-only treated and
POG+Catalase groups. If controls were separated and compared to their respective test
limbs, no significance was determined, except for the CPO+Catalase group (Figure 11).
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FIGURE 11. T2 Values – POG vs POG+Catalase. Addition of catalase decreases
ischemic T2 values in SPO-treated Animals but not CPO-treated. T2 calculated values
compared to contralateral controls. SPO+Catalase (0.5 mol SPO + 40 U Catalase)
showed no significance to uninjured contralateral control limb or SPO-treated T2 values.
CPO+Catalase-treated limbs (1.1 mol CPO + 40 U Catalase) T2 values were larger
than CPO-only values and significantly higher than uninjured controls & all SPO-related
values. One Way ANOVA with Tukey post hoc analysis. ** - p < 0.01, **** - p < 0.0001

T1 images were compared on relative intensity values and between controls and
test limbs.

All uninjured contralateral control limbs were deemed similar over all

experimental groups and were combined (p>0.99). POG versus POG+Catalase groups’
T1 measurements were determined to be non-significant. One Way ANOVA with Tukey
post hoc analysis. (Figure 12)
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FIGURE 12. T1 Values – POG vs POG+Catalase. Comparison of T1 intensity values
between experimental groups and their contralateral controls. Gadolinium contrast
agent was injected IP (0.1 mg/kg) and T1 scans were recorded every five minutes for 25
minutes. Maximum intensity values (t=20 mins) were used for comparison across all
experimental groups. Experimental groups’ test limbs showed slightly increased signals
compared to the uninjured contralateral limbs, but were not deemed significant. One
Way ANOVA with Tukey post hoc analysis.

Histological Analysis
Histological comparisons were conducted primarily from Hematoxylin & Eosin
and Masson’s Trichrome Staining. Representative images (Figure 13) showed signs of
normal and irregular tissue morphology in all experimental groups.
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FIGURE 13. Histology – POG vs POG+Catalase. Hematoxylin & Eosin Staining (A –
SPO-treatment only, B – CPO treatment only, C – SPO + Catalase, D – CPO +
Catalase) and Masson’s Trichrome Staining (A – SPO-treatment only, B – CPO
treatment only, C – SPO + Catalase, D – CPO + Catalase) show little difference in tissue
morphology between catalase & non-catalase groups. Tissues showed regions of
normal muscle tissue morphology with intermittent areas of irregularly-packed muscle
bundles. Magnification = 100X. Scale = 50 m.

DISCUSSION
One of the major challenges seen in the current treatment for complex battlefield
injuries is the ability to maintain the viability of tissue indirectly affected by the injury.
When the vasculature is compromised upstream to the extremities, the limbs cannot
receive the necessary nutrients or oxygen for normal function. Other treatments try to
address this concern by delivering larger amounts of oxygen in an attempt to stave off
the onset of hypoxia/ischemia, but they rely on a patent artery for delivery. Our area of
research is to develop a technology that does not rely on such a requirement, so that it
would be possible to deliver suitable amounts of oxygen directly to the point where it is
most needed, which would also minimize any collateral hyper-oxygenated environmental
concerns.
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Our first publication in this arena showed that there is potential for using a solid
peroxide-based biomaterial, sodium percarbonate, to treat ischemic injury in both in vitro
and in vivo experiments. Our final set of experiments in this paper was a pilot study
which showed that a one-time injection of sodium percarbonate was able to maintain a
functional reserve of approximately 25-35% compared to non-treated injured animals
over the experimental time period.[43]
Our first area of improvement on our pilot study we wanted to investigate was to
use a non-invasive experimental method to quantify the extent of injury prior to our final
functional assessments. This would be crucial in determining the level of benefit from
our intervention to the resultant post-ischemic functional assessments. MRI was our
method chosen for its rapidly obtained high quality data, which has shown in other
research groups to have good correlations between several MR values and ischemic
injuries in various tissues, i.e. cardiac muscle, brain, and rabbit skeletal muscle. We
ultimately decided to pursue T2 relaxation rates and gadolinium contrast agentenhanced T1 relative intensity imagery. [52, 66]
The ischemic exercise profile used in our pilot study was an intermittent maximal
tetanic stimulation, once every five minutes for an hour. Functional responses rapidly
decreased in non-treated injured animals to no response after thirty minutes. The SPOtreated group showed a residual functional response which was 25-35% of baseline for
the duration of the experiment. This accompanied with histological analysis suggested
that the addition of sodium percarbonate was beneficial in improving the tissue
morphology and viability over no treatment.
In subsequent experiments, we wanted to investigate the effects of altering the
stimulation profile following the ligation surgery.

Our first attempts involved a more

intensive stimulation protocol to exhaust the muscle. This change was made for two
reasons, 1) to use a stimulation protocol which would closer mimic an aerobic exercise
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model (a submaximal frequency stimulation was used instead of a maximum tetanus as
before) and 2) to fully exhaust the muscle prior to MRI imaging to set a baseline from
which we could then use to compare future POG-treated subjects. These experiments
demonstrated that we could correlate our recorded MRI values (T2 and T1) with
functional deficit, but the correlation best fit the comparison between baseline and
ligation measurements, not the final ischemic force curves (Chapter IV). This could be
more due to the stimulation profile itself, in that our work here focused on sub-maximal
stimulation. The pilot study used maximal stimulations, which would involve the entire
muscle during contraction, while sub-maximal tetani may not fully engage the TA.
Another reason may be that the repeated stimulation (every second for 5 minutes) may
be depleting other cellular components which play a role in contraction, such as calcium
influx. These reasons were not investigated as part of this dissertation, but may be an
interesting avenue of research for other projects.
Since the increased stimulation profile seemed to have little effect on our
imaging results, we decided to return to our initial regimen, which consists of maximum
tetanus stimulations once every five minutes. We added more stimulation time points to
the original protocol (now one maximum tetanus every five minutes for 30 minutes, then
once a minute for an additional 15 minutes) to further exhaust the muscle and create a
sufficient deficit which would not render the limb completely immobile for two reasons, 1)
our scheduled MRI experiments started 12 hours after the functional measurements
were completed, so we wanted to limit the additional damage to the limb between
functional assessment and MRI imaging, and 2) we wanted to ensure that we
established an injury where we could show that the addition of POGs would be
beneficial. Our prior set of experiments using the more intensive stimulation protocol
proved to be too much for POG intervention to show any difference from an untreated
group (data not shown).
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Where next we wanted to next direct this project was to compare the efficacy of
other POG formulations to optimize dose and functional preservation. Since calcium
peroxide decomposes has a slower oxygen release rate than sodium percarbonate, we
initially expected that the benefit of this treatment would also be less.

In order to

increase the oxygen release of calcium peroxide, we decided to adjust two differing
factors, either by increasing the amount of calcium peroxide injected (0.5 to 1.1 mol) or
adding a catalyst (catalase, 40. U) which could increase the rate of calcium peroxide
decomposition. Catalase was chosen because it is an enzyme commonly found in many
living organisms, including humans, and in our in vitro experiments showed to improve
cell viability and allow a larger concentration gradient of sodium percarbonate. Catalase
could serve two purposes in our formulations: 1) to facilitate the complete conversion of
the hydrogen peroxide intermediate of both POG’s decomposition to oxygen, and 2)
mitigate the formation of any ROS either during the ischemic injury onset and the POG
decomposition.
Our intent for this dissertation was to demonstrate that POG intervention would
be beneficial for treating ischemic injury. We decided that normalizing our functional
data would be the best way to show their benefit. Normalizing allowed us to more easily
group experimental data and observe trends within and between experimental groups,
as is illustrated between Figures 3 & 4, and 8 & 9. In the force frequency curves
(Figures 3 & 8), there are much larger errors bars than in the normalized maximal tetanic
force figures (Figures 4 & 9). Normalizing our data also allowed us to standardize a
selection criteria for our raw data, which is explained later in this discussion.
After determining that our injury model is reproducible and can give a significant
functional deficit (Figure 3A & 3B) we wanted to show that POGs had a benefit in
reducing this injury (Figure 3C & 3D). It should be noted that the ischemic injury for
comparison is the functional deficit from Baseline to Ischemic, which includes the ligation
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surgery and the ischemic stimulation protocol. The functional deficit resulting from the
ligation surgery only, and not including the ischemic stimulation protocol, was found to
be similar across all experimental groups (Figures 4A, 10A, 14A). This is a positive sign
that the ligation surgery is somewhat reproducible and that the significance between
experimental groups can be attributed to their respective interventions.
Comparing the benefit of different interventions was first determined by using the
full ischemic injury force output, which is the normalized Ischemic force data (Figures
4B, 10B, 14B). Initially we wanted to compare the benefit of POG-only versus nontreatment (Figure 4B). The Ischemic data shows a significant improvement of function
for the POG-treated groups compared non-treatment, but this could be a result of the
combination of an increased starting point, i.e. their respective normalized Ligation
measurements were higher but not significantly higher than non-treatment, and the
intervention. Therefore, we considered comparing the Ischemic force outputs to the
Ligation measurements (Figure 4C). This should be a more adequate representation of
the benefits of POG intervention. An Ischemic-Ligation ratio of 1 would mean that the
ischemic stimulation protocol had no effect on reducing the force output of the limb, and
therefore no increase in ischemic injury. The lower the ratio, the greater the decrease in
function after the stimulation protocol was given. Non-treatment animals experienced an
additional 45-50% functional decrease from the ischemic stimulation protocol, while the
POG-treated groups, both SPO and CPO, gave a significantly higher maintenance of
function.
We continued these same comparisons when we performed our next set of
experiments. This time, instead of comparing POGs to non-treatment, we wanted to see
the additional benefit of adding a hydrogen peroxidase and ROS-scavenger (catalase) to
our POG formulations. These comparisons of function (Figures 8-10) suggest that the
addition of catalase is beneficial to a fast-acting POG formulation (SPO+Catalase vs
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SPO) but not to a slower-acting (CPO+Catalase vs CPO). SPO rapidly decomposes in
the body, potentially leading to a buildup of hydrogen peroxide. Adding catalase would
be a benefit to reduce the potential side reactions accompanying an increasing
concentration of hydrogen peroxide. CPO, on the other hand, is much slower acting, so
there may not be any benefit from catalase, since there could be enough time for the
hydrogen peroxide to be broken down normally by the host. Other factors may be
playing a role in the decreased benefits seen in CPO+Catalase, such as having an
increased ischemic injury prior to intervention. These factors are briefly discussed later
in this section.
Functional comparisons and determining the benefits of different POG
interventions were not the only goals of these experiments. We also wanted to continue
our work in correlating our MRI imaging data with our functional outputs. Our findings
are illustrated for our T2 (Figures 5 & 11) and T1 values (Figures 6 & 12). Of note in our
first set of experiments is that the Ligation Only variability is greater than any other
experimental group. This suggests that MRI values do not change much until there is a
considerable ischemic injury. The Ligation Only Ischemic force output measurements
were much lower than 50% of Baseline, while the other experimental groups were above
50%, and their respective MRI values were very similar and found not to be significantly
different from uninjured controls & the contralateral limbs.

The only significance

determined was between the Ligation Only group and either the uninjured/untested
contralateral limbs or the SPO-treated animals.
In our POG vs POG+Catalase experiments, T2 MRI values (Figure 11) primarily
showed significant differences with CPO+Catalase. This is again in agreement with our
other T2 experiments, in that there needs to be a significant ischemic injury to determine
differences in MRI values. Our T1 measurements, interestingly, showed no significance
between POG and POG+Catalase groups. This is most likely due to the experimental
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design of obtaining our T1 values. Injecting the contrast agent IP instead of a tail vein IV
injection added to the ambiguous T1 values. Our T2 values were much more precisely
determined, so our correlations & significance should be more reliable in these results.
Summarizing our findings by combining all experimental groups’ results in shown
in Figures 14-17. Combining all control and contralateral limb values tended to reduce
significance between experimental groups. However, the same trends as mentioned
before can still be observed. One, as mentioned previously, the ligation surgery gives a
relatively consistent result (Figure 14A). POG intervention is beneficial to functional
preservation over no treatment, and adding catalase seems to be beneficial to the faster
decomposing SPO but not CPO (Figure 14B & C). This benefit for SPO & detriment to
CPO of adding catalase is also reflected in the T2 MRI values (Figure 15), but not
necessarily in the T1 (Figure 16).
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FIGURE 14. Normalized Torque Measurements - All Experimental Groups. (A) Ligation
Measurements showed no significance between experimental groups.

(B)

POG

interventions (SPO and CPO) show significant improvements over non-treated Ischemic
groups. The addition of catalase is beneficial when added with SPO (SPO+Catalase)
but suggests a detrimental effect with CPO (CPO+Catalase).

(C)

Calculating the

Ischemic to Ligation Force ratios demonstrates the effects of POG treatment for
maintaining function after intervention. One Way ANOVA with Tukey post hoc analysis.
* - p < 0.05, ** - p < 0.01, *** - p < 0.001, **** - p < 0.0001.
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FIGURE 15. T2 Values - All Experimental Groups. A lower T2 value suggests a less
ischemic limb and more beneficial treatment intervention.

SPO+Catalase T2 values

were most significantly decreased from the Ligation/Non-treated Ischemic limbs followed
by SPO treatment. CPO and CPO+Catalase treated groups showed no significance with
the Ligation/Non-treated group. One Way ANOVA with Tukey post hoc analysis. * - p <
0.05, ** - p < 0.01, *** - p < 0.001, **** - p < 0.0001.
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FIGURE 16.

T1 Values – All Experimental Groups.

Contralateral Values were

determined using all experimental groups’ contralateral/uninjured/untested limb. The
only significance determined was between the Ligation Only and Contralateral Limb
Values. One Way ANOVA with Tukey post hoc analysis. ** - p < 0.01.

Histological samples were collected by euthanizing the animals immediately after
their MRI experiments were complete.

Though the anterior crural compartment is

composed of three muscles, the extensor digitorum longus, extensor hallucis longus,
and tibialis anterior, our MRI experiments showed that the primary muscle injured was
the tibialis anterior muscle. Therefore, the TA muscle was harvested for histological
purposes. Basic histological staining was performed, namely Hematoxylin & Eosin and
Masson’s Trichrome Staining.

Test limbs were compared to their respective

contralateral controls and with other test limbs. All control limbs showed normal tissue

85

morphology, regardless of experimental group. Test limbs of animals which underwent
ligation surgery, regardless of POG intervention, showed increased nuclear staining &
abnormal tissue morphology. While it is difficult to get a complete picture of the entire
muscle via histology, it did appear that the test animals in the SPO and SPO+Catalase
groups showed fewer regions of tissue damage than the other surgical experimental
groups. The two experimental controls’ test TA limbs, the Uninjured Control and the
non-treated group, Ligation Only, had the most uniform histological slides.

The

Uninjured Control test limbs appeared to have normal skeletal muscle tissue morphology
and the Ligation Only samples had the greatest amounts of tissue irregularity. The
POG-treated groups (both POG-only and POG+Catalase), however, had regions of
normal and irregular morphology, suggesting that the intervention had benefit to
reducing the extent of injury. In agreement with the functional and MRI results, the
histology did appear better with the SPO and SPO+Catalase groups when compared to
their CPO counterparts.
Our experimental model for this dissertation is relatively simple. One, record
baseline measurements for each animal & group prior to ischemic injury. Next, establish
a reproducible ischemic injury by iliac artery & vein ligation and allow 24 hours for
ischemic injury onset.

After this 24 hour time period, intervention was given and

measurements were recorded.

There is some concern that there may be a lot of

variability between animals’ ischemic injury with this 24 hour recovery window. Several
factors which may have an impact are not controlled for or considered, such as the
animal activity/movement and amounts of collateral vascularization. If the animal is very
active following ligation surgery, its ischemic injury could be greater than a sedate,
passive animal. This would result in a greater functional deficit.
Also, the amount of collateral vascularization would also have an impact. The
assumption is that all blood supply comes directly from the iliac artery. If there is a
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collateral blood supply, the ischemic injury would not be as extensive, which would result
in a decreased functional deficit, i.e. a higher functional response.

Both of these

variables could skew our data in differing directions. Too much ischemia might not show
any benefit from using POGs. Too little ischemia could show that POGs are too great a
benefit than reality.
In an effort to counter both of these variables, we decided on a selection criteria
to include experimental data for analysis.

The data set used was the normalized

Ischemic functional responses. This was chosen because the Ischemic data points
represent the full ischemic injury in each experimental group. For each experimental
group, the mean of all Ischemic data was calculated. All data points within one standard
deviation were then grouped, and a second mean was calculated. Any data points
within two standard deviations of this second mean was then included and a final mean
and standard deviations and standard errors of the mean were determined.

These

values, and respective normalized Ligation values of the same animals, were then used
for all analysis summarized in this dissertation.

By using this selection criteria, we

removed both extremes, the high functional response / low ischemic injury and low
functional response / high ischemic injury animals from each experimental group. These
new means should provide a clearer, more concise comparison between POG
interventions. It should be noted, however, that comparisons were also performed using
the bulk data of all experimental groups (i.e. no exclusion criteria). Similar trends and
values were seen, but due to the increased variability, significance was not determined
in the non-exclusion comparisons.
Despite our attempts to closely reproduce our ligation surgeries, there were still a
number of animals which showed very little functional response following surgery.
These could be detected by having a swollen test limb or their gate would be heavily
favoring the injured limb. These animals were still mobile and able to access food and
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water, so we would continue with post-surgery force measurement analysis but with no
POG intervention. MRI images were also taken and their TA muscles harvested for
histology. Results for these severely ischemic animals were kept separate from the
remainder of the study data. (Figure 17) MRI values, TA muscle mass, and histological
analysis showed significant (p<0.0001) differences between these animals and all other
experimental groups.

Figure 17. Severe Ischemic Injury Experimental Data. There were several animals
(n=9) that sustained severe functional loss/ischemic injury during the post-surgery
recovery period. No treatment was administered to these animals. (A) Functional
Measurements showed nearly 100% functional loss from baseline. (B) Corresponding
T2 values were significantly increased from all other measured values. (C) The mass of
the injured TA muscles were much higher (>100 g) compared to all other test and control
samples. Histological analysis (D – Hematoxylin & Eosin Staining, E – Masson’s
Trichrome, Magnification = 100X, Scale = 50 um) of test limbs demonstrated signs of
edema and irregularly shaped muscle bundles throughout the entire tissue cross section.
(One Way ANOVA with Tukey post hoc analysis. **** - p<0.0001)
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Our next direction to lead this research is to further optimize our POG
formulations for single and multiple doses. Our experiments thus far have focused on an
acute ischemic injury and a single dose intervention.

Skeletal muscle injuries can

involve multiple surgeries & prolonged medical treatment, which a single treatment of
POGs would be insufficient to address. Repeated administration of POGs would be a
crucial area of investigation to determine the benefit and any concerns which may arise
from this therapy prior to any clinical use.
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CHAPTER VI

FUTURE ENDEAVORS

Benjamin Rowe
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Recent studies, including this dissertation, have demonstrated the potential of
solid oxygen-releasing biomaterials can be valuable in the delivery of oxygen to
hypoxic/ischemic skeletal muscle.[22, 43] Our peroxide-based materials can provide a
benefit to muscle by improving muscle function in an ischemic environment, and
delaying the onset of tissue damage due to oxygen deficiency. Further study branching
from the work published here can lead into differing areas and clinical uses, such as
biomaterials, animal model modification, and clinical uses.
Since oxygen is so ubiquitous and involved in many cellular activities within the
body, the potential for oxygen delivery therapies is vast. Being able to design and
control therapy formulations would be of extreme benefit since the overdose of oxygen,
creating a hyper oxygenated environment, could be cause additional damage as well.
The two biomaterials which we are investigating have differing oxygen-generating
properties. Sodium percarbonate is a quick acting biomaterial which decomposes to
release the majority of its oxygen delivery potential in a matter of minutes to hours.
Calcium peroxide, on the other hand, is a much slower-releasing compound, capable of
a delayed oxygen release profile over days.
Besides the inherent difference in oxygen-releasing kinetics of these two
compounds, manipulating these biomaterials could show promise in developing new
formulations or delivery methods. There have been several different methods used for
different delivery methods of these materials, such as developing differing scaffolds,
meshes, or films which also alter the oxygen-generating kinetics.

By changing the

diffusion barriers and decomposition rates by encapsulating these materials with gels or
embedding within a biodegradable scaffold, it could be possible to tailor these oxygenreplacement therapies to the hypoxic demand of differing tissues.
The basis of this dissertation was analyzed in a controlled environment and
limited to primarily the TA muscle. This was chosen due to the simple anatomy of the
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anterior crural compartment, in that the muscles’ primary blood conduit is the femoral
artery which branches from the iliac artery and the TA muscle is simply innervated by the
common peroneal nerve.

These two factors allowed for a rather straightforward

induction of injury and follow on functional assessment. While this can be positive
aspects for establishing an initial model to study and compare differing formulations,
there are additional factors that need to be considered to fully understand the utilization
of these oxygen-generating materials.
The TA muscle’s fiber composition is 4.3% Type I – 48.5% Type IIA – 47.2%
Type IIB skeletal muscle. Our research group’s in vitro experiments had used the EDL
muscle, which composition is 5.5% Type I – 18.8% Type IIA – 75.7% Type IIB. So the
majority of our research to develop our POG technology has been using tissues which
are very heavily favored towards the fast twitch Type-II muscle fibers. What would be
interesting would be to investigate the effects that POGs would have on a muscle which
would be primarily Type-I slow-twitch fibers and compare the results. For some ex vivo
experiments, the soleus muscle, which is 96% Type-I muscle fibers, would be a suitable
target.
Thus far, our in vivo experiments have solely been with rats. This has been
adequate for our initial experiments, since the primary objective of these experiments
was to show proof of concept that POGs could be beneficial to treat ischemia and other
hypoxic injuries. If POGs are to transition beyond the experimental stage and finally be
included in a clinical treatment/therapy, they need to be tested in a different animal
model. Rats, since they are relatively inexpensive in terms of research animals, can still
be a useful animal model to screen differing formulations, but there are some
characteristics of rats which do not translate to humans. Adult female Lewis rats range
in size between 250-300g, while the average adult male weighs around 85kg. Rats have
a greater capacity for angiogenesis, which would not necessarily be a concern for acute
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injury studies, but future work on chronic ischemia or repeated POG therapy can be
greatly skewed by the enhanced regenerative capability of rodents.
Moving to a larger animal model to test the efficacy of POGs would introduce
more clinically relevant variables. There have been studies conducted using rabbits and
canines in hind limb ischemia models, which could be readily applied into this research
area. Some of the major concerns regarding using POGs are the scale-up dose and
delivery method. Rodents’ administered dose was 40. L, which was not a significant
additional volume to the typical TA muscle with a mass of 450-500mg and approximate
volume of 2.5 cm3. Considering the multiple increase in size of a canine’s hind limb
compared to a rodent’s, the dose would probably have to be scaled linearly in volume.
This poses two immediate concerns, the potential for compartment syndrome by the
larger volume of injected POG solution and the number of injection sites. Spacing four
injection points equidistant over the length of a rodent TA muscle equates to about 0.75
cm between injection points. To maintain the same distance in a larger animal model
would greatly increase the number of injection sites, which one would assume would
also greatly increase tissue damage from the multiple needle sticks. Oxygen diffusion
from the injection point throughout the tissue would also be a greater concern due to the
larger animal’s muscle size.

There will be a greater consideration of the tradeoff

between the number of injection points and the tissue volume which the released oxygen
would diffuse through to oxygenate the entire muscle.
Thus far our research has focused on a single injection to treat an acute ischemic
injury. While our results have shown that POGs do provide some benefit, a single dose
is still a finite amount which will be consumed. This can lead to a delay of the onset of
ischemia, but the timescale of complete restoration of the vasculature is days if not
weeks, even with medical intervention.

There hasn’t been any work to investigate

repeated POG treatments or using a prolonged release POG formulation.
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Injecting

POGs multiple times to the same injury would raise several variables, such as numerous
needle sticks and the potential for oxygen concentration buildup.

While the

concentrations for our studies thus far have been within a beneficial range, with multiple
POG injections the released oxygen may not be readily consumed by the muscle for
aerobic respiration, especially if the glycogen content has already been metabolized. If
this is the case, then the likelihood of ROS production would then be more likely which
would then increase tissue damage to the already compromised muscle.
Oxygen-generating materials are a new and interesting area of research that has
great potential to treat oxygen deficiency related injuries.

The benefits over other

proposed therapies, i.e. hyperbaric oxygen therapy and oxygenated fluid replacements
(HBOC, lipid, or perfluorocarbon-based) directly address their disadvantages.

The

ability to deliver oxygen directly where it is needed most reduces oxygen diffusion
limitations greatly and concerns over mass distribution of oxygen to non-ischemic tissue.
Additionally, there remains the possibility that the dose can be adjusted as needed by
altering the composition of the delivered POGs. Sodium percarbonate could be initially
the biomaterial of choice to deliver an initial bolus of oxygen due to its quick dissociation
and decomposition.

Follow-up intervention could then utilize increasing amounts of

calcium peroxide to address chronic ischemia to maintain a certain oxygen
concentration.
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