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ABSTRACT
Prolonged ischemia and reperfusion frequently occur during clinical operations. The
bioenergetic status decreases during ischemia and reactive oxygen species (ROS) are
formed during reperfusion, which may lead to irreversible tissue injury. During prolonged
ischemia, such as in complex microsurgical operations, tissue injury should be minimized
to improve the chance of full recovery and function. Irradiation has previously been
shown to improve functional recovery of cold-stored rat hearts via conservation of ATP.
In this thesis, we used photons at 634 nm produced from a singlet oxygen system to
investigate whether irradiation improves the bioenergetic status in skeletal muscle and
graft hearts and decreases ROS in monocytes, and thus decreases tissue injury.
The effect of irradiation on bioenergetic status was examined in rat rectus femoris muscle
in vitro following 5 h ischemia. Phosphocreatine (PCr), ATP and inorganic phosphate (Pi)
levels were measured using high resolution 11.75T 31P magnetic resonance spectroscopy
(MRS). PCr and ATP were significantly higher in the irradiated groups than in the nonirradiated group, but no difference in Pi was observed. The effect of irradiation on
bioenergetic status was examined in rat rectus femoris muscle in vivo following 4 h
ischemia and 1 reperfusion. ATP, PCr and Pi levels were measured using 2.35T 31P MRS.
After 4 h ischemia, ATP levels in the irradiated group were significantly higher than in
the non- irradiated group, but no difference in PCr/(PCr+Pi) levels were observed. After 1
h reperfusion, ATP and PCr/(PCr+Pi) levels in the irradiated groups were significantly
higher than in the non-irradiated groups. Blood-perfusion was measured using laser
Doppler flowmetry and did not differ between the groups. The effect of irradiation on
xenografts was examined in vivo following heart xenotransplantation from hamster to rat.
PCr and ATP levels were measured daily using 2.35T 31P MRS over 4 days. Irradiation of
xenografts before reperfusion preserved the energetic status of hamster grafts, as
demonstrated by a significantly higher PCr/ATP ratio in the irradiated group than in the
non-irradiated group on the first postoperative day. However, irradiation did not delay the
rejection process in this experimental model. Finally, the effect of irradiation was
examined in human monocytes. Intracellular ROS, nitric oxide (NO) release and ATP
were measured using chemiluminescence assays. iNOS and eNOS mRNA levels were
measured using reverse transciption PCR. NO levels were significantly higher in the
irradiated group than in the non-irradiated group, but no differences in iNOS or eNOS
mRNA were observed. Intracellular ROS release was significantly lower in the irradiated
group than in the non-irradiated group, and there was no difference in ATP levels. The
salvaging effect of irradiation may have a wide range of clinical applications, for example
in complex microsurgery and transplantation surgery.

Key words: energy metabolism, skeletal muscle, monocyte, ischemia, reperfusion, NMR,
singlet oxygen energy, light, LED
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ABBREVIATIONS
ADP

Adenosine diphosphate

AG

Aminoguanidine

ATP

Adenosine triphosphate

ATPase

Adenosine triphosphatase

cAMP

Cyclic adenosine monophosphate

cGMP

Cyclic guanosine 3’,5’ –monophosphate

eNOS

Endothelial nitric oxide synthase

FID

Free induction decay

G-6-P

Glucose-6-phosphate

IMP

Inosine monophosphate

iNOS

inducible nitric oxide synthase

LDF

Laser doppler flowmetry

LED

Light emitting diode

MRS

Magnetic resonance spectroscopy

NADPH

Nicotinamide adenine dinucleotide phosphate

NMR

Nuclear magnetic resonance

NO

Nitric oxide

PCr

Phosphocreatine

PDE

Phosphodiester

PDT

Photodynamic therapy

Pi

Inorganic phosphate

PMA

Phorbol myristate acetate

PME

Phosphomonoester

ROS

Reactive oxygen species

SOE

Singlet oxygen energy

T

Tesla
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INTRODUCTION
Ischemia and reperfusion injury
Ischemia (reduced blood flow) followed by reperfusion (restored blood flow) occurs in a
wide range of organs, including heart, lung, kidney and gut, and in skeletal muscle during
reconstructive plastic surgery, thrombolytic therapy, orthopedic surgery, transplantation
and limb trauma such as crush injury and fractures. In microsurgery and reconstructive
plastic surgery the duration of ischemia is now being pushed to the limits of tissue
ischemic tolerance, particularly because of the development of improved microsurgical
techniques for revascularization of severed limbs (1). Sensitivity to ischemia varies
according to the type of musculature or organ. This variation is determined by factors
such as energy demand. Of all tissues of the extremities, skeletal muscle is the least
tolerant of ischemia (2): it tolerates up to 4 h ischemia while nerve (8 h), fat (13 h), skin
(24 h), and bone (4 days) are less sensitive (2). Ischemic periods in skeletal muscle that
exceed 6 h followed by reperfusion are also associated with high mortality due to release
of toxic metabolites into the systemic circulation (2). Therefore, it is important to find
preservation methods for skeletal muscle that decrease injuries caused by ischemia and
reperfusion.

Energy status
The events during ischemia and reperfusion are basically similar in different organs and
tissues, but the time scale of the event varies. However, the mechanisms for generation
and consumption chemical energy are assumed to be identical at the molecular level
irrespective of organ.

Energy within the cell is stored as adenosine triphosphate (ATP), and is required in
energy demanding processes such as maintenance of membrane potential mainly via the
sodium-potassium pump (Na+/K+ ATPase) (3). The pump keeps the intracellular Na+
concentration low while maintaining high intracellular K+ concentration (3, 4). ATP is
synthesized from glucose in three steps: glycolysis, Krebs cycle and oxidative
phosphorylation (Figure 1). The ATP molecule stores the energy in the form of a highenergy phosphate bond. When the ATP molecule is cleaved, the products are adenosine
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diphosphate (ADP), inorganic phosphate (Pi), and energy. As the reaction is reversible,
ADP can be recharged by oxidation back to ATP.

glucose

glucose-6-phosphate

Glycolysis

ATP
pyrovate
aerobic

anaerobic

lactate
ATP

acetyl-CoA
eee-

Krebs cycle
CO2
eCO
2

NADH

½ O2
respiratory chain

+

NAD

H2O
ATP

Oxidative
phosphorylation

ADP + Pi + energy

Figure 1. Glycolysis, Krebs cycle and the electron transport chain (3). Glycolysis occurs in the cytosol of
the cell. It is an anaerobic process that yields ATP and pyrovate. In the presence of oxygen, pyrovate enters
into the Krebs cycle. The Krebs cycle occurs inside the mitochondria matrix. It is an anaerobic process that
yields carbon dioxide, reduced coenzymes, and a large flow of electrons used in the respiratory chain.
Oxidative phosphorylation occurs in the membrane of the cristae inside mitochondria. It is an aerobic
process that yields water and ATP.

Skeletal muscle cells also stores energy in creatine phosphate (PCr) by the creatine kinase
reaction when ATP levels are high (5). As this reaction is reversible, ATP is replenished
when its level is depleted, such as during ischemia. Thus, the creatine kinase reaction
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controls cellular energy homeostasis and plays a particularly important role in tissues
such as skeletal muscle with large and fluctuating energy demands.
ATP + Cr

PCr + ADP + H
creatine kinase

During ischemia, the lack of oxygen will halt the production of ATP through oxidative
phosphorylation, and ATP levels are maintained by the creatine kinase reaction. However
after approximately 1 h of ischemia, PCr levels are depleted and ATP is produced by
anaerobic glycolysis with the formation of lactic acid. After longer ischemia (>2 h), the
energy demand exceeds the energy supply (6) and ATP is reversibly catabolized in the
purine nucleotide pathway (Figure 2). After prolonged ischemia (>4 h), hypoxanthine is
irreversible catabolized into xanthine, making a complete energetic recovery impossible
upon reperfusion (Figure 2) (2, 6). After severe (6 h) of ischemia, ATP is almost
completely depleted (7) and as a result the energy-dependent sodium-potassium pump
will stop. Potassium leaks out of the cell while sodium, chloride and water enter, causing
cell swelling (8).

ATP
Pi

Ischemia

ADP
adenylosuccinate
Pi
NH3

AMP

Pi

IMP

adenosine
inosine

NH3
ribose

Reperfusion

hypoxanthine
O2+H2O

H2O2+O-2

xanthine
O2+H2O

H2O2+O-2

uric acid
Figure 2. Purine nucleotide pathway during ischemia (>4 h) and reperfusion (9). H2O2
hydrogen peroxide, O-2 superoxide radical.
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Reperfusion after short periods of ischemia (minutes) is a benign process. However, after
prolonged ischemia (4-6 h), reperfusion results in the release of toxic products into the
systemic circulation (2). Reperfusion after 6 h of ischemia is also associated with high
mortality due to multiple organ failure (2). The effect of ischemia and reperfusion on
skeletal muscle has been well described in several studies (Table 1). By comparing ATP
levels and histology after different periods of ischemia, it is clear that the energetic status
as a measure of cell viability correlates with the histology.

Table 1. The effects of ischemia and reperfusion on ATP level and histology in different experimental
models of skeletal muscle.

Ischemia Reperfusion

ATP (% of control) / Histology

Model

2h

1h

81

rat (7)

2h

1 day

5% necrosis, few inflammatory cells rabbit (10)

3h

5h

41

rat (1)

3h

2 days

fiber fragmentation, inflammation

rat (11)

4h

1h

32

rat (12)

4h

3 days

46% necrosis

rat (13)

5h

45 min

31

dog (14)

5h

2 days

90% necrosis

dog (15)

6h

1h

0

rat (7)

6h

1 day

all muscle fibers are injuried

rabbit (10)

Reactive oxygen species
Reactive oxygen species (ROS) are an important component in host defense (16) but can
also inflammation, lipid peroxidation and apoptosis (16, 17). ROS is a collective term that
includes oxygen radicals such as superoxide (O2-) and hydroxyl (OH), and some non-
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radical derivatives of oxygen (that can lead to formation of free radicals) such as
hydrogen peroxide (H2O2) and singlet oxygen (1∆g) (18, 19).
A free radical contains one or more unpaired electrons and is highly reactive. When two
radicals meet the product is a nonradical. However, when a radical reacts with a
nonradical, a new radical results and initiates chain reactions (20). Intracellular ROS
release is an important component in host defense against infectious agents. The
extracellular ROS release may damage surrounding tissues and therefore promoting
inflammatory processes and DNA damage (16, 19). Under normal conditions, ROS are
formed in the electron transport chains within mitochondria (18) but are cleared from the
cell by the scavenger system superoxide dismutase (SOD), catalase and glutathione
peroxidase (21).

The formation of ROS in skeletal muscle have been shown in an in vivo study (22). ROS
are generated during early ischemia but neutralized by the endogenous scavenger system.
However, the main formation of ROS occurs during the initial reperfusion phase (23),
when blood containing oxygen and water re-enters the tissue, forming mainly the highly
reactive superoxide radical (24, 25) (Figure 2).

Nitric oxide
Nitric oxide (NO˙) has an unpaired electron and is a free radical, and belongs to the
collective term reactive nitrogen species (18). NO is a key biological messenger, playing
a role in a variety of biological processes such as vasodilation and the modulation of the
immune system (26-28). NO is formed during the conversion of L-arginine to citrulline
and the reaction is catalyzed by NO synthase (NOS) (28). At least three isoforms of NOS
have been identified: inducible NOS (iNOS), endothelial NOS (eNOS) and neuronal NOS
(nNOS) (28, 29).

NO is also a major mediator of tissue damage during ischemia and reperfusion (28). NO
react with superoxide (formed in abundance during reperfusion) to form peroxynitrite
(ONOO-), which is protonated to form peroxynitrous acid (HOONO) (28). Dissociation
of peroxynitrous acid yields the highly cytotoxic species nitrogen dioxide (NO2) and
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hydroxyl (OH) (28). There is little and contradictory information about NO in skeletal
muscle, with some studies suggesting that NO is cytotoxic while other show NO is
beneficial (28, 30-32). In myocardial ischemia- and reperfusion studies, it seems that low
doses of NO are protective and high doses are harmful (33).

Prevention of ischemia and reperfusion injury
Preservation solutions
Preservation solutions are used to counteract the unwanted effects of ischemia such as
cell swelling, impaired energy metabolism, and ROS formation. Cell swelling is
suppressed by the addition of osmotically active substances whose molecular mass is
sufficiently large to prevent entry into cells, and include saccarides (glucose, mannitol)
and impermeant anions (phosphate, sulfate, lactobionate) (34). The composition (e.g. the
ratio of sodium/potassium, and the concentration of magnesium and calcium), and can be
either intra- or extracellular like, depending on what the solution is mainly designed to be
used for (34, 35).

The most commonly used preservation method today is flush perfusion of the organ with
a cold preservation solution to remove blood and obtain a rapid core cooling
(hypothermia) of the organ (36) for decreased cell metabolism (34, 37, 38). However,
flush perfusion of small skeletal muscle is generally not performed in clinical plastic
microsurgery as the perfusion-pressure during flushing can damage the microvasculature
(39). A preservation method is thus required that does not injure the microvasculature, is
easy to perform, maintains the energy levels, decreases the production of ROS and
ultimately increases the chances of recovery after surgery.

In the 1970s, Collins developed a preservation solution that was later modified in Europe,
and is now known as the EuroCollins (EC) solution (35, 40). This solution was used for
liver, kidney and pancreas in the US until 2002 and is still used in Europe (40). Belzer
and Southard developed the University of Wisconsin (UW) solution in the late 1980s for
liver, kidney, and pancreas, which later became the golden standard (40, 41). Today, three
other solutions are also commonly used: Celsior and IGL-1 (which are modified UW
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solutions), and histidine-trytophane-ketoglutarate (HTK) which was originally developed
as a cardioplegia solution (35, 40, 42).

In addition, the preservation solution Perfadex is designed mainly for the storage of lung
transplants (43-45), but is also preserves contractility of rat vascular smooth muscle (36)
and porcine pancreatic function (46) after cold ischemia. No previous studies have
explored the potential of Perfadex to preserve skeletal muscle.

Antioxidants
An antioxidant is defined as a substance that significantly delays or prevents oxidation of
a molecule found in vivo (18). Treatment of tissue with different antioxidants and
scavengers is an obvious therapeutic approach during ischemia and reperfusion due to the
formation of ROS (12, 47). Antioxidants synthesized in the human body includes
superoxide dismutase (SOD), catalase and glutathione peroxidase (20). SOD dismutates
superoxide radicals (O2-) to form hydrogen peroxide (H2O2) and oxygen (O2). Catalase
catalyses the breakdown of H2O2 to form water and O2 (48). Glutathione peroxidase also
breakdown H202 (20, 21). Dietary antioxidants includes for instance the fat-soluble αtocopherol (vitamin E) and ascorbate (vitamin C) (12, 20, 23). There are also synthetic
antioxidants, such as indeno-indol derivate, which is very potent and can limit lipid
peroxidation 100 times more efficiently than α-tocopherol (47, 49). In addition, several
molecules can function as antioxidants such as uric acid (18). Results also show a strong
antioxidant activity using irradiation (48).

Irradiation
The beneficial effects of light to treat various diseases have been known since ancient
times (50). Light is used today in dermatology, in photodynamic therapy for cancer, to
accelerate wound healing, and to improve musculoskeletal training injuries (51-53).
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Figure 3. Visible light is electromagnetic radiation (photons) of wavelengths approximately 400 nm to
700 nm. The wavelength is inversely correlated to the energy.

The nomenclature used to describe light treatment varies, and the most common terms are
listed in Table 2. The papers included in this thesis have used the terms SOE light and
irradiation, and here I have chosen to use irradiation.

Table 2. Nomenclature used in the literature to describe irradiation treatment.
Low level laser
Red laser
SOE light
Infrared
Irradiation
Low reactive level

Light emitting diode
Laser therapy
IR diode
Biostimulating laser
Photobiostimulation laser
Photobiomodulation

Laser pulse
Low power laser
Low intensity laser
Bioregulating laser
Near infrared
Medical laser

Low energy laser
Red light therapy
Pulsed radiation
Soft laser
Low power laser light
Therapeutic laser

Various forms of irradiation have been studied experimentally (Table 3). For example,
irradiation at 634 nm reduced the production of extracellular ROS in human monocytes
mainly via the inhibition of NADPH oxidase (48). Irradiation has also previously been
shown to improve functional recovery of cold stored rat hearts via conservation of ATP
(54).

Red light is considered to reach lower depths in skin tissue than shorter wavelengths (55)
and a study on human skin has shown a depth of penetration of almost 15 mm when
irradiating with 694 nm (56). In experimental studies on cell cultures, wavelengths in the
visible and the infrared region can pass through a monolayer cell culture (57).
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There is also evidence that irradiation can release NO from cells by release of a
irradiation-sensitive store of NO (54, 58-60).

Table 3. Studies of irradiation performed in the wavelength 340-1064 nm in different experimental models.
Nomenclature nm

Effect

Model

UVA
Laser pulse
He-Cd laser
Argon
Laser pulse
Red laser
He-Ne
He-Ne
He-Ne
He-Ne
He-Ne
He-Ne
He-Ne
He-Ne
He-Ne
He-Ne
He-Ne
SOE
Argon
Argon
LED
LED
Ga-Al-As
IR
Ga-As
IR diode
IR

increased membrane conductance
reduction of cytochrome c
NO release
promted ATP synthesis
monitoring respiratory chain
induced iNOS and increase cGMP
prevented restenosis
no induced micronucleus formation
decreased number of mitochondria
enhanced de novo protein synthesis
increased ADP/ATP exchange
increased ATP levels
increased ATP synthesis
increased membrane potential
promoted survival
increased protein synthesis
accelerated Ca2+ uptake
decreased ROS
increased ATP at preservation
increased oxygen consumption
improved wound healing
increased cytochrome oxidase activity
improved recovery
reduced infarct size
reduced infarct size
increased cell attachment to glass
inhibited neointimal hyperplasia

mammalian cells (61)
horse (62)
hemoglobin (60)
guinepig mitochondria (63)
hepatocytes (64)
rabbit (65)
rabbit (66)
lymphocytes (67)
human lymphocytes (68)
muscle myoblast (69)
rat mitochondria (70)
HeLa cells (71)
rat mitochondria (72)
rat hepatocytes (73)
mice muscle (74)
rat hepatocytes (75)
bull mitochondria (76)
monocytes (48)
heart (54)
rat mitochondria (77)
human (52)
neurons (78)
rat muscle (79)
dog, rat (80)
dog, rat (81)
HeLa cells (82)
rabbit (83)

340
355
441
514.5
532
630
632
632.8
632.8
632.8
632.8
632.8
632.8
632.8
632.8
632.8
633
634
660
660
670
670
780
803
810
820
1064
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AIMS
The overall aim of this thesis was to investigate whether irradiation can reduce damage
caused by ischemia and reperfusion.

The specific aims of this thesis were:

To evaluate the effect in vitro of irradiation at 634 nm and Perfadex as a
preservation method during five hours of ischemia on rat rectus femoris muscle,
using in vitro high resolution 31P Magnetic Resonance Spectroscopy (Paper I).

To investigate the effect in vivo of irradiation at 634 nm on rat rectus femoris
muscle, using in vivo 31P MR Spectroscopy. To investigate the effect of irradiation
on the blood perfusion during ischemia and reperfusion, using Laser Doppler
flowmetry (Paper II).

To investigate whether exposure of hamster hearts to irradiation at 634 nm during
and after the transplantation procedure could improve the energetic status, using in
vivo 31P MR Spectroscopy (Paper III).

To investigate the effect of irradiation at 634 nm on human monocytes on the
release of NO, release of intracellular ROS and ATP, using chemiluminescence.
To investigate the effect of irradiation on iNOS and eNOS, using RT PCR (Paper
IV).
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METHODOLOGICAL CONSIDERATIONS
The Ethics Committee of Göteborg University, Göteborg, Sweden, approved the
experiments. The animals were allowed to settle in the animal quarters for several days
before the experiments. The animals were fed Purina chow and tap water ad libitum
before the experiments. All experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the US NIH publication 85-23,
revised 1996.

Experimental models
Rat ischemia model – Paper I
Male Sprague-Dawley rats (B&K Universal AB, Sollentuna, Sweden) weighing 300 g
were used. The rats were anaesthetized with sodium phentobarbital 70 mg/kg body
weight intraperitoneally and supplementary anesthesia 2 mg/kg body weight was
administered intraperitoneally as required. The body temperature of each rat was
maintained with a heating blanket and monitored with a rectal probe. Room temperature
was 24°C (±0.5) throughout the experiments. At the end of the experiments, the animals
received intracardial injection of sodium phentobarbital, followed by section of the heart.

The experimental model used in this study was designed to simulate clinical plastic
microsurgery, where flush perfusion of organs is not generally performed to spare the
microvasculature. The rat rectus femoris muscle model has been used in several studies
(22, 32, 84). The model was modified and published by Lundberg (38). The rat rectus
femoris muscle contains approximately 3% type I (red muscle, oxidative metabolism),
22% type IIA (intermediate muscle, oxidative and glycolytic metabolism) and 75% type
IIB (white muscle, glycolytic metabolism) (85).

The left rectus femoris muscle was used, leaving the right side unexposed. The dissection
started with an incision above and parallel to the inguinal ligament. The incision
continued down the ventral side of the thigh to the patella. The femoral nerve was
identified and cut proximal to the diversion to the rectus femoris muscle. The dissection
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of the rectus femoris muscle was started from a point distal to the insertion to the patella
in the medial side. The gracilis muscle and vastus medialis muscle were bluntly dissected
free from the rectus femoris muscle, and at the lateral side of the patella the vastus
lateralis muscle and gluteus superficialis muscle were relocated laterally by dissection. At
this point, the rectus femoris muscle was free from the surrounding muscles. The
insertion to the patella was then cut and the insertion to the pelvic girdle severed. The
remaining blood supply to the rectus femoris muscle comprised the vessels originating
from the femoral vessel. The ischemic period began when the vessels were cut. The
muscles were immediately put in Perfadex or saline (0.9% NaCl).

Rectus femoris muscles were irradiated by slightly moving fibre optic cable over the
surface of the preservation solutions, which contained the rectus femoris muscle (Figure
7). The irradiations of muscles preserved in the solutions were done (10 min each)
initially, at half time and during the last ten minutes of ischemia. All muscles were then
frozen in liquid nitrogen, freeze-dried (Lyovac GT2, Leybold-Heraeus) for 8 h and then
stored in sealed plastic cryotubes at –80 C until extraction.

Rat ischemia and reperfusion model – Paper II
Male Sprague-Dawley rats were initially treated the same as in paper I. The experimental
model used in this study was designed to resemble the clinical situation when transferring
free vascularised muscle flaps. In surgery transferring of muscles is a well established
method to reconstruct body parts and reconstruct muscle-function. During the transferring
the muscle is exposed to ischemia and reperfusion.

Figure 4. Anaestheised rat with the rectus femoris muscle lying on the surface coil, ready for MRS.

19

METHODS
The reason using rectus femoris muscle was that the muscle has a long pedicle so that it
could be measured isolated without interference from the body. This is a condition for
continuous and non invasive measurements to be made by in vivo MRS (Figure 4).

The model was same as in paper I except that the femoral vessel was intact. Some of the
tissue surrounding the rectus femoris muscle pedicle was left in order to prevent the
pedicle from drying. During ischemia the femoral vessel was clamped proximal and distal
of the pedicle in order not to injury the thin vessels. The MRS measurements were done
on the distal twp thirds of the rectus femoris muscle. This area was chosen because it was
the only part of the muscle which could be evaluated in this experimental set-up by in
vivo MRS. The MRS measurements were done according to the chart flow in Figure 5.

Ischemia

MRS

0h

1h

MRS

2h

3h

4h

Reperf.

MRS

5h

Figure 5. Chart flow of MRS measurements and irradiation in paper II. The MRS measurements (black
boxes) were done before the onset of ischemia, during the end of ischemia and after reperfusion. The
received MRS value is a medium value for the 34 minutes of measurements. The irradiations (grey boxes)
were 5 min each, and were done before the onset of ischemia, during the end of ischemia and 3 times
during reperfusion.

Rectus femoris muscles were irradiated by slightly moving the fibre optic cable close
over the surface of muscle (Figure 7).

Transplantation of rat and hamster heart – Paper III
Male inbred Lewis rats (Mollegaard, Skensved, Denmark) weighing 200-220 g were used
as recipients, and male Golden Syrian Hamsters (B&K Universal AB, Sollentuna,
Sweden) weighing 70-80 g were used as donors. The animals were anesthetized with a
combination of Hypnorm (Fentanyl; 0.6 ml/kg) and Stesolid (Diazepam; 2.5 mg/kg)
given i.p. Thereafter, Temgesic (Buprenorhine) was administered in a dose corresponding
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to 0.01–0.05 mg/kg. During the operative procedure, a constant body temperature (37
±0.5°C) was maintained by a homoeothermic blanket system (Harvard Apparatus)
consisting of a warming pad and a rectal probe for the regulation of the heat output. After
the initialization of the cooling of the hearts in the donor animals, the system was
switched off. The same system was used for the recipient operation.

The in vivo xenotransplantation heart model was used to investigate the effect of
irradiation when transplanting across species barriers. The reason using the heart
transplantation model was that there is a synergy between the initial injuries of
ischemia/reperfusion and acute rejection. Minimizing the injury is thus of importance,
and targeting ROS generation can be one key. The immunological mechanisms at
xenotransplantation have a serious impact on the survival. However, the immunological-,
pathogenic-, and ethical barriers are further discussed by Lukes (86). The significance of
the ischemia/reperfusion injury in xenotransplantation is largely unknown. However,
reports support that at least a short ischemia/reperfusion injury in xenotransplants does
activate the endothelium, making it more immunogenic in the immediate postoperative
period (87).

A non-suture cuff technique was used (88). The ischemia time outside the donor, i.e. the
time between excision of the heart and the onset of circulation, did not exceed 10 min.
The total ischemia time counted from the onset of explantation did not exceed 30 min.
Meanwhile, the hearts were stored in cold (+4°C) saline solution (NaCl, 0.9%). Rejection
was defined as loss of regular palpable contractions and visual activity.

Graft hearts were irradiated by positioning the end of the cable 5 mm from the hearts and
slightly moving the fibre cable end over the entire heart surface 10 min before the onset
of reperfusion. The saline injected during explantation of the hearts was irradiated by
gently moving the fibre cable end for 10 min in the little beaker used to store the saline.
Irradiation was also done each day for 10 min through the skin before the MRS
acquisition.
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Human monocyte model – Paper IV
In paper IV the human monocytes were used to investigate the effect of irradiation on
nitric oxide, intracellular ROS, and ATP. Mononuclear cells were obtained from buffy
coats obtained from the blood bank at Sahlgrenska University Hospital, Göteborg,
Sweden, and were isolated using the Ficoll-Paque procedure (89). The buffy coat blood is
layered on the Ficoll Paque and centrifuged. Differential migration during centrifugation
results in the formation of layers containing different cell types. The bottom layer
contains erytrocytes which have been aggregated by the Ficoll-Paque, and granolocytes
which have a density great enough to migrate through the Ficoll-Paque. Because of their
lower density, monocytes together with lymphocytes and platelets are found at the
interface between the plasma and the Ficoll-Paque. The mononuclear cells were
recovered from the interface and subjected to a washing step to remove plasma, FicollPaque and platelets. By seeding the cells to culture plastic the monocytes adhere and the
lymphocytes may be washed away.

Cell culture methods are used extensively in the investigation of anti-inflammatory and
inflammatory products as well as antioxidants and studies of oxidative stress. Compared
to in vivo experiments they offer the advantages of relative reproducibility, reduced cost,
and simplified interpretation of results. Moreover, cell culture methods can be applied
without major ethical concern. The disadvantage of cell culture techniques is the need to
re-check in vivo the medical relevance of all data obtained. Human monocytes were
irradiated by moving the fiber optic cable close to the surface of the cell suspension. This
cellular model system has proven to be sensitive to irradiation in previous studies (48).
The cells of all experimental groups, including the control group, were exposed to the
same environmental conditions.

Prevention of ischemia and reperfusion injury
Preservation solution – Paper I
In paper I Perfadex was used as a preservation method in an in vitro model of rat rectus
femoris muscle during 5 h of ischemia. The preservation solution Perfadex (Vitrolife,
Kungsbacka, Sweden) was stored at 8 C. It was adjusted with Addex-THAM
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(trihydroxymethylaminomethane) (0.24 mol/L; Pharmacia AB, Sweden) to a pH of 7.40.
During the preservation period (ischemia) the preservation solution was at room
temperature (22°). The composition of Perfadex is seen in Table 4. Physiologic saline
solution 0.9% NaCl was used as control.

Table 4. The composition of Perfadex with the intracellular and the extracellular electrolyte distribution as
comparison.

Component
Na+ (mmol/l)
K+ (mmol/l)
Mg2+ (mmol/l)
Ca2+ (mmol/l)
Cl- (mmol/l)
HCO3Phosphate (mmol/l)
Sulphate (mmol/l)
THAM-buffer (ml/l)
Dextran 40 (g/l)
Glucose (mmol/l)
Osmolarity (mOsm/l)
pH

Perfadex
138
6
0.8
0
142
0
0.8
0.8
0.24
50
5
325
7.40

Intracellular

Extracellular

10
140
58
<1
4
10
75
2

142
4
3
5
103
28
4
1

7.0

7.40

An optimal preservation solution for skeletal muscle should facilitate maintenance of the
high energy phosphates, and consequently prolong the cell viability during ischemia (90).
Perfadex is extracellular alike preservation solution (Table 4). Perfadex is designed
mainly for the storage of lung transplants (43-45), but preserves contractility of rat
vascular smooth muscle (36) and porcine pancreatic function (46) after cold ischemia. No
previous studies have explored the potential of Perfadex to preserve skeletal muscle.

Irradiation – Papers I, II, III & IV
In papers I, II, and III, irradiation at 634 nm was used as treatment during ischemia and
reperfusion. In paper IV irradiation was used to study the effects on NO, intracellular
ROS and ATP.

Singlet oxygen can be produced photochemically by energy transfer from an excited
photosensitizer (91, 92). Singlet oxygen O2 (1 g) was produced photochemically by
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energy transfer from an excited photosensitizer using the Oxylight® equipment (GaiaCare
AS, Norway) (92, 93). Although singlet oxygen is a free radical that causes oxidative
stress mediated injury, the emitted light energy might be beneficial. The energy emitted
from singlet oxygen upon relaxation to its triplet ground state O2 (3∑-g) is captured as
photons at 634 nm and referred to as singlet oxygen energy (SOE), Figure 6. Irradiation
with SOE photons via a fiber optic cable is here referred to as irradiation.

In the equipment, singlet oxygen was generated through a photosensitization process (93).
The photosensitizer used was zinc(II) phthalocyanine, a bluish-red dye, which is one of
the few sensitizers able to perform in a gaseous atmosphere. Furthermore, it has good heat
and light resistance and can be applied on metal surfaces. As light source, 6 light emitting
diodes (LED cluster) were used. The LED is made with Gallium Aluminum Arsenide
(GaAlAs) 52 mm LED cluster (model BL0307-50-44, Kingbright) with dominate
wavelength 640 nm, viewing angle 40°, power output 2.5 W, beam spot 0.07 cm2,
corresponding to power density 35.7 W/cm2. The irradiation was via a fibre optic cable,
cable length 142 cm, diameter of the end of the cable 3 mm.

O2(1∆g)
634 nm

O2(3∑-g)
Figure 6. The principles of SOE light. Excited singlet oxygen O2 (1 g) is relaxed to its
ground state triplet oxygen, O2 (

-

g)

during the emission SOE light, captured as photons

at 634 nm.
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Figure 7. Irradiation of rectus femoris muscle in preservation solution as in paper I, and irradiation in
vivo as in paper II, and the close up.

Analysis
31

P Magnetic Resonance Spectroscopy –Papers 1, II & III

Nuclear Magnetic Resonance (NMR) is a powerful tool in biomedical research, and
several Nobel prizes have been awarded in this field. In 1952, Felix Bloch and Edward
Mills Purcell (USA) became laureates for their development of new methods for nuclear
magnetic measurements. In 1991, Richard Ernst (Switzerland) received the prize for his
contributions to the development of the methodology (Fourier Transform algorithm) of
high resolution NMR spectroscopy. In 2002, Kurt Wüthrich (Switzerland) received the
prize for his development of NMR for determination of the 3-D structure of biological
macromolecules in solution. In 2003, Paul Lauterbur (USA) and Peter Mansfield
(England) became laureates for their development of gradients in a magnetic filed.

In application of NMR, the term MR (magnetic resonance) is commonly used. MR is
divided into two techniques called magnetic resonance imaging (MRI) and magnetic
resonance spectroscopy (MRS). Both techniques are performed with conventional MR
equipment (94). For clarity and simplicity the term MRS is hereinafter used, according
the general convention for medical application of the spectroscopy technique. All
experiments in this thesis were performed with the equipments at our MR-lab. Our group
established the first in vivo MRS-lab in Sweden in 1986. Since then, several methods
were developed for a number of various biomedical applications (9, 39, 86, 95).
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Atomic nuclei sensitive to MRS, such as 1H,

13

C,

23

Na and

31

P possess an intrinsic

property called spin. Spin can be regarded as a rotating motion of the nucleus around its
axis. The combination of the positive electrical charge and this spinning motion result in
an electrical current which, in turn gives rise to a magnetic field. Thus the nucleus
behaves like a tiny bar magnet.

PCr

ATP
Pi

γ

α

β

A
B
Figure 8. Left: Representative in vivo MRS of rectus femoris muscle, analyzed in a 2.35 T MRS magnet.
The spectra show Pi, PCr and the three peaks of ATP. A irradiated, B non-irradiated. Right: the in vivo MRS
magnet.

In the presence of a strong and uniform magnetic field, the nuclei are forced to align
either in a parallel or an antiparallel orientation. The energy difference between these two
states is proportional to the strength of the magnetic field. The parallel and antiparallel
orientations are not equally populated. There is a small excess of spinning nuclei in the
parallel orientation. The nuclei not only align in parallel or antiparallel orientation, they
also move around the axis of the magnetic field in a movement called precession. When
placed in a strong magnetic field, the nucleus precesses at the Larmor frequency which,
for proton (1H), is around 100 MHz in magnetic field strength of 2.35 Tesla. Owing to the
population differences, the sum of the individual preccessing spins results in a net
magnetization aligned to the magnetic field.
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A transition can be induced between the two orientations with a radio frequency (RF)
pulse. The RF pulse sent at the Larmor frequency swings the net magnetization away
from the magnetic field toward the transverse plane. After the RF pulse is switched off,
the magnetization returns to its equilibrium position, and its transverse component is
registered by a receiver coil during this relaxation process. The signal is called the free
induction decay (FID). The FID is converted by a Fourier transform (mathematical
algorithm) to a spectrum. A more detailed description of the theory of MRS is well
described by Salabi and Brown (96).

An in vitro MRS of a muscle extract is presented in Figure 9. There are three peaks from
ATP, since the three phosphorus nuclei in the ATP molecule have different chemical
environments. The difference in the chemical environment will give rise to a difference in
resonance frequency, termed chemical shift. The chemical shift is the most frequently
used parameter for identification of an unknown substance in MRS.

Figure 9. A typical in vitro MRS from a muscle, showing the peak of PCr and three peaks of ATP.

Interpretation of MRS consists of identification of the peaks, calculation of the relative or
absolute metabolite concentrations and determination of peak shifts for calculation of
intracellular pH.
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The chemical shift is measured with a cursor giving the position in parts per million
(ppm). When the PCr peak is set as 0 ppm, the three peaks of ATP occur approximately at
-2.7 (γ), -7.8 (α) and -16.5 (β) ppm (97). The peak of Pi occurs approximately at 5.2 ppm
at pH 7.40. Peaks at 6.5-7.5 ppm are assigned to phosphomonoesters (PME) including
various sugar phosphates, AMP and IMP (9). The peak at ~16 ppm originates from
phenylphosphonic acid, which can be added as an internal standard in in vitro MRS.

Figure 10. Representative in vitro MRS of rectus femoris muscle. The spectra show G6-P, IMP, Pi, PCr and ATP. A irradiated, B non-irradiated.

Only the β-ATP peak is generally measured (as in paper I-III) as it contains only ATP.
The γ-ATP consist of contributions from β-ATP, and the α-ATP contains α-ADP and
nicotinamide adenine dinucleotide (NAD) (97).

Calculation of the relative or absolute metabolite concentrations is performed by
computing the peak area. The peak is defined by selecting the frequency range with the
help of a cursor. Absolute values in in vitro MRS can be calculated. The sample of
interest is calibrated against a standard of known size and composition. The standard is
subjected to the same measurement conditions, which allow direct comparison of the
spectral peak areas and calculation of the unknown concentration of the sample from the
known concentration of the standard. In paper I, phenylphosphonic acid was used as
standard. In vivo MRS does not provide absolute values (owing to the absence of a
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standard), but the information can be obtained by calculating relative concentrations, such
as the ratio of PCr/ATP or PCr/Pi (97, 98).
The cursor is also used when calculating intracellular pH from the chemical shift (σ) of Pi
relative to the PCr peak. PCr is used as an internal standard since its chemical shift is
constant in the pH region of biological interest 6-8 (9), while Pi is sensitive to H+. The
equation for pH is: pH = 6.75 + log [(σ-3.27) / (5.69- σ)] (12).

In vivo and in vitro MRS resemble each other but do not provide the exactly the same
information. The resolution is higher in in vitro spectra owing to the higher magnetic field
and to less movement of the object. The spectra show the peaks from ATP, PCr, Pi, IMP
and G-6-P. Generally, in vivo MRS has a lower magnetic field and consequently lower
resolution. The lower resolution makes it more difficult to detect IMP and G-6-P in in
vivo spectra. Only cytosolic ATP is detectable using in vivo MRS (9). In vivo MRS gives
higher PCr (> 30%) and lower Pi concentrations than other biochemical analysis since the
breakdown of PCr in in vitro analysis cannot be prevented owing to its high instability.
Therefore, no exact comparison can be made with other kinds of biochemical analysis.

Figure 11. Left: representative in vitro MR spectrum of rectus femoris muscle, analyzed in an 11.75 T
MRS magnet. The spectra show Pi, PCr and the three peaks of ATP. Right: The in vitro MRS magnet.
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ATP and PCr can be followed noninvasively and continuously using in vivo MRS (99).
The pattern of recovery of ATP and PCr reflect the mitochondrial oxidative
phosphorylation activity. This activity is very useful in estimating mitochondrial viability.
This makes in vivo MRS suitable for ischemia/reperfusion studies, where intracellular
metabolic processes can be followed noninvasively and continuously, as illustrated in
Figure 12.

Glycogen

Sugarphosphates

Glycolysis

Pi

CKR

PCr

Krebs cycle

Oxidative
Phosphorylation

ATP

Nucleotide
pathway

γ

α

β

Figure 12. Visualization of the metabolic pathways in skeletal muscle related to an in vivo MRS
spectrum. ATP is produced by oxidative phosphorylation, glycolysis and the creatine kinase reaction
(CKR). After prolonged ischemia, ATP is degraded in the purine nucleotide pathway during formation
of Pi. The peak to the left of Pi is assigned to phosphomonoesters resonances (various sugar phosphates,
AMP and IMP).

Laser Doppler flowmetry –Paper II
Laser Doppler flowmetry (LDF) was used to evaluate the degree of blood perfusion
during ischemia and reperfusion. The theory of LDF is that the tissue is irradiated with
laser light (100). If the laser light hits a moving blood cell the laser light changes
wavelength (Doppler shift). The laser light is backscattered to the instrument and detected
by a photo detector. The perfusion is calculated from the sum of moving blood cells and
mean velocity of the cells. LDF measures the total local blood perfusion non-invasive.

30

METHODS
There are limitation using LDF due to sensitivity to movements, variations in capillary
density in the local tissue and the low depth of penetration. Therefore the LDF
measurements were only used as an indication of the success of total ischemia, and only
as an indication of success of reperfusion in the muscle.

The measurements were expressed in arbitrary perfusion units (PU). The low power diode
laser used 780 nm with a maximum power output of 1 mW (Periflux System 5001,
Perimed, Sweden) and with a microtip of 0.5 mm diameter (Periflux 418-1). The probe
was calibrated with a motility standard of 250 PU from Perimed. In paper II, LDF
measurements were made on the distal two thirds of the rectus femoris muscle. To
minimize variations, five measurements at five different sites were recorded. The final
value was the mean of the five measurements. The LDF measurements were only used as
an indication of the success of total ischemia, and only as an indication of success of
reperfusion in the muscle.

Chemiluminescence –Paper IV
The

measurement

of

intracellular ROS

was performed

using

the

sensitive

chemiluminescence technique. The technique has been presented, modified and tested
under different conditions (48, 101, 102). It is based on the induction of ROS-production
from human monocytes by phorbol myristate acetate (PMA). The PMA stimulate the
reduced nicotineamid adenine dinucleotide phosphate (NADPH) oxidase, leading to the
generation of superoxide anions and hydrogen peroxide (48, 102).

The sensitivity of the cellular system has been validated by the use of well known
antioxidants and ROS scavengers such as ascorbate, α–tocopherol, catalase and SOD all
resulting in significant reduction of ROS production (103). The chemiluminescence data
was obtained using luminol. Luminol can diffuse across cell membranes due to its
lipophilic chemical structure (16). Light generation in the presence of luminol reflects the
intra and extracellular production of superoxide anion and hydrogen peroxide (16).
Therefore it can detect both intracellular and extracellular generated ROS. Luminol can
be used to measure intracellular ROS when SOD and catalase are added (101). SOD and
catalase are both large molecular proteins that do not readily gain access to intracellular
sites, and thus, they inhibit the extracellular part of chemiluminescence (16, 101). SOD
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dismutates superoxide radicals (O2-) to form hydrogen peroxide (H2O2) and oxygen (O2).
Catalase catalyses the breakdown of H2O2 to form water and O2 (48).
After the chemiluminescence peak, the response decline. The chemiluminescence was
recorded over time until the maximal peak values were reached. The chemiluminescence
intensity varied with different blood donors; which is due to individual differences in
NADPH-oxidase activity.

The ATP assay is based on the chemiluminescence produced in a firefly luciferase
reaction, as previously described by Lundin (104). For the determination of intracellular
ATP, the ATP was extracted. For that purpose equal volumes of trichloroacetic acid and
cellsuspension are mixed. Tris-EDTA buffer, ATP Reagent and the ATP extract are
added together and the light emission was recorded. The internal standard method is used
to quantify the ATP concentration. The ATP standard is added and the light emission was
recorded again.

The measurement of nitric oxide was performed using chemiluminescence. The detector
is based on the principle of the chemiluminescence method. NO in the sample reacts with
ozone (O3), producing a defined amount of energized nitrogen dioxide (NO2) plus
oxygen (105, 106). The excited state of NO2 returns to its basic energy level by emitting
a photon seen as an infrared chemiluminescence. The quantity of light is proportional to
the NO concentration.

RT PCR –Paper IV
Reverse transcription polymerase chain reaction (RT PCR) was used to analyse iNOS and
eNOS mRNA. The total cellular RNA was isolated using an RNeasy Mini Kit. Probes and
primers for iNOS and eNOS were TaqMan Gene Expression Assays. First-strand cDNA
was synthesized from 100 ng of total RNA and TaqMan Reverse Transcription Reagents.
PCR amplification was done with an ABI PRISM 7700 Sequence Detection System
(Applied Biosystem). The relative expression of iNOS and eNOS mRNA were
normalized to the relative expression of actin in the same cDNA by using the standard
curve method. PCR detects the accumulation of amplicon during the reaction. The data is
then measured at the exponential phase of the PCR reaction.
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Statistical methods
Two-way analysis of variance
The experiment in paper I was regarded as a 2 x 2 factorial experiment with
saline/Perfadex and irradiated/non-irradiated as factors. Data were analyzed using twoway analysis of variance with F-tests of as well main effects as of interactions (107).
Results are presented as mean ± SEM (standard error of the mean). p < 0.05 was
considered statistically significant. The SEM and the F-tests for PCr were based on three
of the groups, deleting data for non-irradiated muscles preserved in Perfadex since all
values in that group were zero. In the F-tests of PCr, only 15 degrees of freedom were
used in the denominator.

Paired t-test
The statistical analyses in paper II were performed using paired t-test. Results are
presented as mean ± SEM (standard error of the mean). p < 0.05 was considered
statistically significant.

Kolmogorov–Smirnov test
The Kolmogorov–Smirnov test was used in paper III to assess the data for normal
distribution. Since the data were normally distributed according to the test, the unpaired
students t-test was used to calculate intergroup differences on the respective postoperative
days, and the paired t-test, within the groups. The data for graft survival were calculated
as mean ± SEM (standard error of the mean). On the basis of the relative ratios for
PCr/ATP for each animal on each postoperative day, the means ± SEM for that day were
calculated. To compensate for multiple comparisons, p < 0.01 was considered statistically
significant.

Two-tailed paired t-test
The statistical analyses in paper IV were performed using two-tailed, paired t-test. Results
are shown as mean ± standard error of the mean (SEM). p < 0.05 was considered
statistically significant
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This thesis investigates the effects of irradiation at 634 nm on skeletal muscle during
ischemia and reperfusion, and on hearts, by measuring the energy status. The
preservations solution Perfadex was tested on skeletal muscle during ischemia. Further, it
studies the effects of irradiation on monocytes, by measuring NO, intracellular ROS, and
iNOS and eNOS mRNA. The results from the different papers are referred to in the text
by their Roman numerals, and see the individual papers for more details.

Preservation solution –Paper I
Long periods of surgery push the duration of ischemia to the limits of tissue ischemic
tolerance. Therefore, there is a need for a preservation method that does not injure the
microvasculature, is easy to handle, decreases the production of ROS, and increases the
chances of recovery after surgery. In this study we investigated the effect of the
preservation solution Perfadex during 5 h of ischemia on rat skeletal muscle. We showed
that Perfadex failed to preserve the high energy phosphates during ischemia. The study
showed that ATP was lower in muscles preserved with Perfadex compared with muscles
preserved with saline. The results with Perfadex were unexpected and may be attributable
to the experimental model used in this study.

Preservation solutions have been successfully used for many organs, such as liver,
pancreas, kidneys and hearts (8, 46, 108) The technique of flush perfusion is used to
inject the preservation solution into the tissue. The most commonly used preservation
method today is flush perfusion of the organ with a cold preservation solution to obtain a
quick cooling of the organ and decreased metabolism (8).

For long-term preservation of organs, it is important that the preservation solution reaches
all the segments of the tissue (109). In paper I, the muscles were stored in plastic tubes
with the solution and not flush perfused. For small tissues, a simple immersion technique
has shown to be sufficient for preservation (110). However, this technique is not
sufficient in our model probably because the solution cannot penetrate through all of the
ischemic tissue. Our experimental model was designed to simulate clinical plastic
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microsurgery, where the perfusion-pressure during flushing can damage the
microvasculature. A better preservation effect with Perfadex could be obtained by a
combination of flush perfusion and hypothermia. Hypothermia has been successfully used
during ischemia and reperfusion to prevent injury (38). Hypothermia is often used as an
effective method to prolong the ischemic tolerance of a tissue by decreasing the energy
metabolism (37, 111).

Irradiation prevents ischemia/reperfusion injury – Papers I and II
Energy status
In these studies, we irradiated rat skeletal muscle during ischemia and reperfusion in vitro
and in vivo. In paper I, we showed that irradiation preserved the viability in rat skeletal
muscle in vitro, as indicated by higher levels of ATP and PCr compared with control after
5 h of ischemia. In paper II, we showed that irradiation improved the viability in vivo, as
indicated by increased levels of ATP and PCr/(PCr+Pi) after 4 h of ischemia and 1 h of
reperfusion. These results are in agreement with another study, showing that irradiation at
810 nm protects skeletal muscle from ischemia/reperfusion injury (112).

Energetic status is a good marker of viability, where high concentrations of ATP indicate
good viability (113). Papers I and II showed that irradiation at 634 improved cell viability
during long-term ischemia in rat skeletal muscle. These studies use ischemia and
reperfusion, which are often associated with reconstructive surgery and transplantation.
Today, it is generally accepted that formation of ROS occurs during ischemia and
reperfusion (9, 114-116). ROS cause lipid peroxidation, enhanced membrane
permeability and decreased ATP synthesis (117), and thus minimizing ROS generation is
of central importance to maintain the viability of the cells.

Irradiation at 634 nm reduced the production of extracellular ROS in isolated human
monocytes (48). In paper III, we showed that intracellular production of ROS are also
reduced by irradiation. The effect is mainly mediated through the inhibition of NADPH
oxidase, the main source of superoxide anions (O2-) (48). Thus, it is possible that in
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paper I and II, irradiation at 634 nm might achieve its beneficial effect by inhibition of
NADPH oxidase, leading to decreased production of ROS.

Photosensitivity occurs in biological systems at various levels, for instance, is cytochrome
c oxidase in the mitochondrial respiratory chain sensitive to photoexcitation (62, 91, 118120). Increased ATP levels using irradiation has been reported both in vivo and in vitro
(70-72, 121). It was been suggested that irradiation increases the electrochemical proton
gradient, which induces extra ATP synthesis.

The results in paper I and II are in agreement with these observations of increased energy
status upon irradiation. Thus, irradiation at 634 nm might, in addition to reducing the
production of ROS, have a stimulatory effect on the respiratory chain resulting in
increased ATP synthesis. This warrants further studies of long-term treatment with
irradiation.

Blood flow, pH & temperature
In paper II, we investigated the effect of irradiation on the blood flow, pH and
temperature during 4 h of ischemia and 1 h of reperfusion in rat skeletal muscle.
Irradiation was found to not influence the blood flow during ischemia and reperfusion.
The blood flow was measured by laser Doppler flowmetry (LDF). The perfusion value is
the perfusion in the tissue volume in front of the probe tip, approximately the radius of
the hemisphere of the probe (39, 100). The measured volume represents a small part of
the muscle (13). Therefore, repeated measurements were taken. Resting perfusion values
of approximately 18 perfusion units (PU) were obtained. During ischemia, values
between 5 and 10 were recorded. Reperfusion for 1 h restored the values to the resting
perfusion values. Differences in perfusion can be observed when comparing studies (39,
122). The differences between perfusion can be explained by that the area where the
measurements were performed were located in the distal two thirds of the rectus femoris
muscle.

The temperature of the rectus femoris muscle was obtained using LDF, and the body
temperature was obtained using a rectal probe. Irradiation did not increase tissue nor body
temperature, as shown in paper II. The pH was calculated by MRS as earlier described,
and showed that irradiation did not influence the pH.
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Irradiation of transplanted heart – Paper III
In this study we investigated whether irradiation during ischemia could preserve the
energy status in an in vivo xenotransplantation heart model. Cervical transplantations
between rats (recipients) and hamster heart were performed and followed daily over 4
days. Recipients were randomized to two groups: irradiation of the saline and the graft
before reperfusion, and irradiation of the saline used during explantation. The cold
ischemia (+ 4°C) was standardized to 30 min. The PCr/ATP ratio was higher when
irradiation took place before the onset of reperfusion. The difference was seen on
postoperative day 1, and the differences became smaller thereafter. Irradiation on
subsequent days showed no effect. The rejection process in this model started
immediately and irradiation was not effective in delaying the rejection process.
Decreasing energy status has been shown to have an over 90% sensitivity, specificity, and
predictive value for the subsequent day’s biopsy-verified rejection (123). A correlation
has also been shown between decreasing energy status and progressive xenografts
rejection in concordant mouse-to-rat xenotransplantation heart model (124).

The PCr/ATP ratio is an index of the balance between energy production and utilization
(125). The PCR/ATP ratios declined in both groups during the postoperative days due to
ischemia/reperfusion injury and the rejection process. Irradiation showed no effect when
induced post transplantation, which might be explained because of rejection processes. In
paper II irradiation of skeletal muscle showed effect when induced during ischemia and
reperfusion, as seen as increased energy status. The difference could be explained by the
dose range (48), thus might the dose of irradiation become to high when induced during
reperfusion and rejection in a xenotransplantated heart, in contrast to a reperfused skeletal
muscle with no immunological incompatibilities. The immunological reactions of
transplantation and xenotransplantation have previously been discussed by Lukes (86).

Supportive evidence that irradiation has effect on heart has been provided, showing that
irradiation at 660 nm of cold-stored rat hearts has higher ATP levels than in nonirradiated hearts (54). Furthermore it has been documented that myocardial infarct size
was reduced by irradiation (80, 81). We believe that the result in paper III is, at least in
part, through inhibition of mitochondrial NADPH oxidase, thus decreasing the production
of ROS mainly superoxide anions (48), implicating higher membrane integrity and thus
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better preservation of ATP. However, this could not delay the rejection process in this
model

It remains to be investigated if reduction of early ischemic with irradiation has any impact
on chronic rejection. A clinical application of irradiation may be foreseen in
transplantation surgery and in other situations of ischemia and reperfusion, as a
complement to other treatments.

Effect of irradiation of human monocytes – Paper IV
Reactive oxygen species
In this study we investigated the effect of irradiation at 634 nm on the release of
intracellular ROS, release of NO, and activation of inducible nitric oxide synthase (iNOS)
and endothelial NOS (eNOS). The data were obtained using chemiluminescence.
Reducing chemiluminescence signal can be used to determine the antioxidative capacity
of exogenously added compounds. Irradiation decreased intracellular ROS in isolated
human monocytes. Previous study showed that adding catalase to control cells resulted in
a 30% reduction of the PMA-induced response (48). The inhibitory effect was most
pronounced for SOD (90%), which indicates that the superoxide radical is of major
importance in the chemiluminescence response.

Normally NADPH oxidase is inactive. In this study the NADPH oxidase was stimulated
by PMA leading to the generation ROS (48). The main injury to muscle cells occurs at
the onset of reperfusion due to formation of ROS (23, 24, 126). ROS formed during
ischemia and reperfusion (9, 12, 22-24, 114-116, 127) cause an oxidative breakdown of
polyunsaturated fatty acid chains in lipid membranes, i.e. lipid peroxidation (9, 95). Lipid
peroxidation of the mitochondrial membranes results in impaired ATP synthesis and
diminished activity of energy-dependent processes, leading to mitochondrial injuries and
cell death (117, 128). Thus, limiting ROS formation is of importance to reduce ischemia
and reperfusion injury. Paper IV showed that irradiated monocytes have decreased
production of intracellular ROS, which may result in higher membrane integrity and
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better preservation of the high energy phosphates. The results agree with papers I and II
where the high energy phosphates are higher in irradiated muscles.

Nitric oxide
Irradiation released NO in human monocytes, which was achieved both without and with
PMA pre-activation of the cells. Until recently, an inducible NO pathway was not thought
to be present in human monocytes/macrophages (129, 130). However, the expression of
iNOS in human monocytes following infection with tuberculosis has been reported (131).
NO production has also been found in human monocytes stimulated by vasoactive
hormones (132) and by inflammatory activation (133, 134).

Based on these findings, it was of interest to elucidate if irradiation was coupled to
activation of iNOS or eNOS. For this purpose, we chose to analyze the mRNA levels of
iNOS and eNOS after irradiation. Irradiation did not significantly change the mRNA
levels of neither iNOS nor eNOS in monocytes. Aminoguanidine (AG), which is a known
selective inhibitor of iNOS (135, 136), was used to further exclude the possible activation
of iNOS. Monocytes were incubated with AG and then irradiated, the results
demonstrated no significant difference in NO in monocytes incubated with AG and
irradiated compared with control cells. The results confirmed that the release of NO upon
irradiation was not coupled to increased synthesis of iNOS nor eNOS.

Studies have shown a presence of preformed NO stores that can be released upon
irradiation in cardiomyocytes (54). The presence of photoactivable NO in other tissues
has also been documented (58, 59, 137). The S-nitrosothiols are often suggested for the
photosensitive store of NO (138, 139). S-nitrosothiols can decompose photochemically to
liberate NO and the corresponding disulfide. The results in Paper IV indicated a presence
of preformed NO stores in human monocytes that can be released by irradiation. Further
studies are required to determine whether the novel release of NO upon irradiation is
coupled to S-nitrosothiols, and to investigate the linkage between decreased ROS
production altered release of NO.
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In this thesis, the focus was to investigate the effects of irradiation at 634 nm on skeletal
muscle during ischemia and reperfusion, and on hearts, by measuring the energy status.
The preservation solution Perfadex was tested on skeletal muscle during ischemia.
Further, it studied the effects of irradiation on monocytes, by measuring NO, intracellular
ROS, and iNOS and eNOS mRNA.

We investigated the effect of the preservation solution Perfadex during 5 h of ischemia on
rat skeletal muscle. In our experimental system, the preservation solution Perfadex failed
to preserve the high energy phosphates. The ATP level was lower in muscles preserved
with Perfadex compared with muscles preserved with saline.

Irradiation of rat skeletal muscle during ischemia and reperfusion were done in vitro and
in vivo. Irradiation of the ischemic skeletal muscle improved the levels of ATP and PCr
measured by in vitro
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P MRS. Irradiation also improved energetic recovery during

reperfusion, as indicated by increased levels of ATP and PCr/(PCr+Pi) measured by in
vivo

31

P MRS. Irradiation did not influence the blood flow, temperature and pH during

ischemia and reperfusion.

Irradiation of xenotransplanted heart preserved the energetic status on the first
postoperative day. The PCr/ATP ratio was higher when irradiation took place before the
onset of reperfusion. The difference was seen on postoperative day 1, and the differences
became smaller thereafter. Irradiation on subsequent days showed no effect. The rejection
process in this model started immediately and irradiation was not effective in delaying the
rejection process.

Irradiation decreased intracellular ROS in isolated human monocytes, measured by
chemiluminescence. Irradiation released NO in human monocytes, which was achieved
both without and with PMA pre-activation of the cells. Additionally, iNOS and eNOS
mRNA was not linked to the release of NO upon irradiation. Further studies are required
to investigate the linkage between decreased ROS production altered NO release.
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CONCLUSIONS
The effect of irradiation is mainly mediated through the inhibition of mitochondrial
NADPH oxidase, the main source of ROS. Decreasing the production of ROS during
ischemia and reperfusion implicates higher membrane integrity and thus improved
viability. The salvaging effect of irradiation may have a wide range of clinical
applications, for example in complex microsurgery and transplantation surgery. Further
research is needed to study the effect of long-term treatment with irradiation.
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