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Abstract 

Scientific Background:  

The overall incidence of tumors of the head and neck area versus tumors of other areas is 

10%; in other words, 1 neoplastic lesion out of 10 affecting the human body is in this area. 

Additionally, Head and neck cancers are placed amongst the top ten malignancies globally. 

In general these cancers are treated with a combination of radiotherapy and surgery. Due to 

the anatomical position of the major salivary glands, they are often included in the field of 

radiation. Radiation induces multiple biochemical events in various cell types affecting the 

ability of the cell to survive.  Different tissues in the body display variable radiosensitivities.  

 

Usually radiosensitivity is considered to be function of the level of tissue differentiation and 

proliferation rate. Yet, the salivary glands are highly differentiated, slowly dividing and 

extremely sensitive to radiation. The two most important factors that determine the severity 

of salivary gland damage caused by therapeutic radiation are the dose of radiation delivered 

and the volume of gland exposed to the radiation field. The enigma of radiation damage to 

the salivary glands has prompted much research and speculation. There are currently 5 main 

hypotheses for the severe damage: I-apoptosis, II- gland granules leak and reactive metal 

ions cause DNA damage, III- reactive oxygen species/free radical damage, IV- essential 

cellular functions disrupted including repair and cell division, V- the endothelium is the 

target of the radiation first, followed by damage to the secretory apparatus. Irrespective of 

the underlying mechanism, radiation causes an irreversible loss of salivary gland function 

leading to dry mouth (xerostomia).  

 

The prevalence of xerostiomia in patients with head and neck cancer following radiotherapy 

varies between 94-100%. Saliva is a multifunctional fluid, it is not only needed for 

lubrication and comfort of the oral cavity and oropharynx, it modulates the oral flora, is 

involved in the re-mineralization of teeth, maintains the mucosal immune system and is 

essential in food bolus preparation during mastication. Patients with hyposalivation suffer 

from oral discomfort, find it difficult to speak, chew and swallow, and have an increased 

risk of dental decay and oral infection. These issues cause a decrease in food intake and 

weight loss, affect overall quality of life and pose new health problems.  

 

To date no effective treatment or prevention for this radiation side effect is available. 

Current treatments include stringent oral hygiene regimens and fluoride applications, to 

preserve the function and health of the oral cavity. Therapies to improve patient comfort by 
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using saliva substitutes or increasing saliva flow using sialogogic agents or electrical 

stimulation of remaining functional gland tissue are also used. Methods to prevent the 

damage are being explored. They are mostly based on improving the methods of 

radiotherapy administration, such that less gland volume is radiated. There are also studies 

where the gland has been surgically repositioned outside the field of radiation. 

Radioprotective medications such as amifostine can sometimes be given. Corrective 

therapies, including gene therapy and the engineering of new implantable salivary gland are 

still in the early stages of research.  

 

We decided to investigate a novel approach to preventing the common, severe problem of 

radiation damage to the salivary glands. Namely, to take advantage of a protective 

mechanism found in nature, heat acclimation mediated cross tolerance. These terms will 

now be defined.  

 

Cross-tolerance is the ability to confer protection to one stress via exposure to another. It is 

a critical feature of the natural cellular stress responses involved in protective 

preconditioning. Due to the fact that this process involves exposure to different types of 

stress, it can be evoked numerous ways, including via heat acclimation.  

 

Heat acclimation is a conserved phenotypic adaptation to prolonged exposure to elevated 

ambient temperatures. There are many integrative physiological mechanisms involved in 

this process including decreased heat production, core temperature and heart rate. The 

vascular and evaporative cooling systems are augmented. The temperature thresholds for 

activation of heat dissipation mechanisms are decreased implying involvement of the 

autonomic nervous system. Cytoprotective mechanisms are also involved in producing the 

acclimated phenotype, this is derived from the elevated temperature thresholds for the 

development of thermal injury. The process includes central and peripheral reprogramming 

of gene expression and post transcriptional mechanisms. The heat shock response, anti-

apoptosis and antioxidation are among the cytoprotective signaling networks involved. The 

heat shock proteins are key genes/proteins associated with heat acclimation. 

 

The heat shock proteins (HSPs) are a highly conserved family of molecular chaperones. 

They are involved in many cellular functions including synthesis, targeting and degradation. 

They recognize and bind non-native proteins. Cytoprotection has mainly been attributed to 

HSP70, but when the stress is severe other members are involved, particularly HSP90 and 
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HSP25. Chronic insults, such as heat acclimation elevate levels of these proteins. 

Furthermore, numerous studies on cross tolerance demonstrated HSP involvement.  

 

Heat acclimation mediated cross tolerance is the outcome of interconnected constitutive 

changes as well as changes in inducible proteins. Protection stems from the activation of 

protective pathways common to the stressors involved. This process is evolutionarily 

conserved, and has been demonstrated in worms, fish, rats and mice. In the rat, protection 

has been seen in the heart from ischemic reperfusion damage, in the brain form hyperbaric 

oxygen damage, and from traumatic brain injury. Hearing loss following noise exposure has 

also been minimized by heat acclimation mediated cross tolerance. 

 

We planned to test whether this natural processes can be mimicked by over-expressing 

specific protective gene products (that increase upon heat acclimation) using gene transfer 

techniques. As mentioned above, these protective gene products include HSPs which are 

known to have a role in cross-tolerance. 

 

Aims:  

a) To determine whether heat acclimation mediated cross tolerance can protect the rat major 

salivary glands from radiation damage. As well as characterizing the behavior of the three 

major heat shock proteins (HSP70, HSP90 and HSP25) following heat acclimation, 

radiation and acclimation + radiation. 

b) To construct an adenoviral vector encoding HSP70 and determine whether it can increase 

HSP70 protein levels in vitro.  

c) To use the adenoviral vector in vivo to increase protein levels to those achieved by heat 

acclimation and to determine whether radioprotection is conferred.  

d) To construct and use a customized cDNA array to shed light on the molecular 

mechanisms of radiation damage and radioprotection. 

 

Methods: Rats were used as the experimental animal model. Heat acclimation was achieved 

by exposing the animals to 34
o
C for 30 days, at 30-40% relative humidity, with food and 

water ad lib. Anesthetized rats were radiated with a single dose of 1500 Rad to the head and 

neck area. Protein profiles were determined by Western Blotting. To determine protection, 

functional studies were performed. Gland ducts were cannulated and salivation was 

stimulated using pilocarpine, saliva volume served as a measure of gland function. The 

adenoviral vector encoding HSP70 was constructed using the AdEasy system, which is 



 iv 

based on homologous recombination in bacteria. Standard tissue culturing techniques were 

used with two salivary gland cell lines, A5 and HSG to test HSP70 expression following 

viral administration in vitro. The virus was administered to cannulated ducts of anesthetized 

rats 10 minutes after atropine administration, dexamethasone 4mg/kg was administered on 

the day of viral transfer and the following day.  Western Blotting was used to determine the 

day of maximum HSP70 statement and to compare the levels with those achieved following 

acclimation. Following an extensive literature search on radiation damage, 54 genes were 

selected and printed onto nylon hybridization membranes with a DNA frame for 

normalization. The samples were labeled with a radioactive probe (P32) and hybridized to 

the membranes, which were then exposed to a phosphor screen, the image was detected 

using a bioimage analyzer. Initial image analysis was performed using a computer program 

Visual grid. All results were normalized to controls and confirmed using PCR.  

 

Main Findings: 

Heat acclimation mediated cross tolerance protects rat major salivary glands from radiation 

damage. Radiation alone caused long term impairments in saliva flow. Radiation 

immediately after heat acclimation did not cause this damage, saliva output was 

insignificantly different to control levels. We demonstrated protection in both the parotid 

and submandibular glands. Furthermore, there were no long term effects of heat acclimation 

on salivary gland function. 

 

Investigation of the dynamics of HSP70, HSP25 and HSP90 in the parotid and 

submandibular gland following heat acclimation, radiation or acclimation and radiation 

yielded interesting results. HSP90 and HSP25 responded in a tissue and treatment specific 

manner. HSP70 responded similarly to all treatments. These protein profiles imply that 

HSP70 plays a central role in this process. 

 

An adenoviral vector was constructed and used in vitro in two salivary gland cell lines and 

in vivo in the submandibular gland. The virus elevated HSP70 levels both in vitro and in 

vivo. In vivo the protein levels from the virus were equivalent to those measured following 

heat acclimation. The virus did not cause any long term effects on saliva flow. No protection 

was conferred to the salivary glands following elevation of HSP70 using this vector. 

 

The cDNA array highlighted the marked genomic differences between the acclimated and 

viral treated groups. Many of the genes expressed in the acclimated groups were silenced in 
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the gene transfer groups. Comparisons between the protected and unprotected treatment 

groups allowed us to formulate a list of potentially protective genes. Most of these genes are 

involved in the stress response in general and the Heat Shock Response in particular, 

whereas some have a role in apoptosis and in the response to DNA damage. Furthermore, 

genes responding to radiation were identified, these are involved in the stress response and 

apoptosis as well as responding oxidative stress. 

 

Conclusions 

1) Heat acclimation mediated cross tolerance protects rat major salivary glands from 

radiation damage. 

2) Adenoviral transfer of HSP70 to rat submamdibular glands increases HSP70 levels to 

those achieved by acclimation. 

3) Adenoviral gene transfer of HSP70 did not protect salivary glands from radiation 

damage.  There are several possible reasons for this: 

• Firstly, adenoviral vectors can only provide transient increases in protein levels, heat 

acclimation provides longer elevation of protective proteins.  

• Considering that the damage following radiation is a complicated and drawn out 

process, it is possible that levels of HSP70 need to be elevated for longer in order to protect 

the gland from this stress.  

• Additionally, heat acclimation alters numerous genes and cytoprotective processes, it is 

possible that in order to achieve radioprotection a combination of protective genes is 

required.  

• Another option is that levels of HSP70 need to be elevated to higher than those achieved 

by acclimation when this protein is "working alone" as it is following viral administration, 

compared to when it is able to work in harmony with other genes and pathways involved in 

heat acclimation mediated cross tolerance.  

• Based on our results, it is possible that the protocol we used that included the 

administration of dexamethasone interfered with the protection that HSP70 may have been 

able to provide. 
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1. Introduction 

1.1 Radiation Damage to the Salivary Glands 

1.1.1 Prevalence of Radiation Damage to Salivary glands 

Head and neck cancer is the fifth most common cancer worldwide, with an estimated 

annual global incidence of 533,100 cases (Parkin et al. 2001). The overall incidence of 

tumors of the head and neck area versus tumors of other areas is 10%; in other words, 1 

neoplastic lesion out of 10 affecting the human body is in this area (Branchi et al. 2003). 

Head and neck cancers, categories lip, oral cavity, pharynx and larynx are placed 

amongst the top ten malignancies globally (Bhurgri et al. 2006). Approximately 44,660 

people in the U.SA., and 76,000 in Europe per year are diagnosed with HNC. In the 

U.S.A., 30–40% of patients diagnosed with head and neck cancer eventually die from 

their disease (Seiwert et al. 2007). 

 

Treatment for locoregionally advanced head and neck cancer is challenging, and an 

aggressive treatment approach is necessary to achieve a cure. Treatment involves surgery, 

radiotherapy and chemotherapy. Concurrent chemoradiation has significantly contributed 

to the curability of head and neck cancer (Seiwert et al. 2007). Standard radiotherapy for 

advanced head and neck cancer involves fractionated doses of 10 Gy weekly (2 Gy daily 

on 5 consecutive days) over 5 to 7 weeks to a total dose of 50 to 70 Gy (Cheng et al. 

1981; Shiboski et al. 2007).  

 

Xerostomia (dry mouth) is an almost ubiquitous (found in between 94-100% of patients) 

long-term complication of radiotherapy for HNC (Rieger et al. 2005). Saliva is necessary 

for lubrication and comfort of the oral cavity and oropharynx, modulation of the oral 

microbial flora, re-mineralization of the teeth, maintenance of the mucosal immune 

system and preparation of the food bolus during mastication. Patients with hyposalivation 

suffer from oral discomfort or pain, find it difficult to speak, chew or swallow and run an 

increased risk of dental caries or oral infection. Ultimately, this leads to a decrease in 

nutritional intake and weight loss. Xerostomia not only diminishes the quality of life of 

many patients who are potentially cured from their cancer, but also poses a major new 

health problem for them (Guchelaar et al. 1997; Jellema et al. 2007).  
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1.1.2 Current Management of Salivary Gland Radiation Damage  

Currently, management of radiation induced xerostomia includes stringent oral hygiene 

with fluoride agents and antimicrobials to prevent dental caries and oral infection, 

sialogogic agents to stimulate saliva production from remaining intact gland tissue and 

saliva substitutes to relieve symptoms (Johnson et al. 1993; McMillan et al. 2006; Nieuw 

Amerongen and Veerman 2003). Because saliva is such a complex substance, it is 

difficult to replace. Older artificial saliva substitutes were rarely effective in relieving 

symptoms and most patients found regular sips of water equally useful. Newer products 

contain the essential salivary lactoperoxidase system and other natural salivary 

components to help supplement the mouth’s immune mechanisms (Dirix et al. 2007). 

Acupuncture may be another option for patients with xerostomia (Kahn and Johnstone 

2005). Chewing gum mechanically stimulates salivation (Shiboski et al. 2007). 

 

Sialagigic agents include pilocarpine HCl, a non-selective cholinergic 

parasympathomimetic alkaloid, cervimeline (also a cholinergic agonist, with M1 and M3 

activity) bethanechol, antholetrithione, acupuncture and linseed extract salinum. 

Pilocarpine has been administered both during radiotherapy (to minimize damage) and 

after. All studies reviewed by Shiboski et al. showed significant subjective improvements 

in the sensation of oral dryness in patients taking the medication after radiotherapy. The 

results with pilocarpine administration during radiotherapy were more variable among the 

studies, only some showed improvement is saliva flow and subjective feelings. 

Cervimeline only has FDA approval for treatment of Sjögren's syndrome. Bethanecol is 

an acetylcholine analogue, it is resistant to cholinesterases and therefore its activity is 

prolonged. It appears to be as efficacious as pilocarpine. Further studies are needed to 

assess the response to antholetrithione (Shiboski et al. 2007).  

 

A new device that is either implanted in the third molar region or part of a removable 

appliance resembling a mouth guard has been developed. The device stimulates the 

lingual nerve thereby causing salivation. However, as with medications, functional 

salivary gland tissue must remain for this device to work (http://www.saliwell.org/). 

 

Other "corrective therapies" include gene transfer techniques. Gene therapy post radiation 

to cause rat salivary ductal cells to secrete water using the aquaporin water channel 

(Delporte et al. 1997) has been demonstrated. More recently this channel has been 
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transferred to the miniature pig; with the volume of saliva secreted restored to 

approximately 80% of control levels (Shan et al. 2005). As noted above, the composition 

of saliva is not just water, there are many organic and inorganic constituents essential for 

its protective role, (for review see (Dodds et al. 2005)) thus the insertion of a water 

channel only solves part of the problem. Engineering of an implantable salivary gland is 

in early stages of research (Aframian et al. 2004; Joraku et al. 2005). 

 

Another approach to decrease the incidence of xerostomia is to try to prevent it. 

Improvements in the administration of ionizing irradiation to decrease exposure to 

neighboring healthy tissues have occurred, caution and appropriate knowledge are needed 

for target determination and delineation for the successful use of Intensity Modulated 

Radiation Therapy (IMRT) (Ozyigit et al. 2004; Shiboski et al. 2007). Not all patients can 

be treated with IMRT (Lee et al. 2004). Furthermore IMRT has been shown to be 

moderately effective for reducing damage to the parotid glands (and protecting the part of 

salivary activity produced by those glands), however, it has not been proven effective for 

protecting the submandibular glands, which are responsible for the saliva that provides 

oral comfort (Samuels 2004). Other successful preventive measures include surgical 

transfer of the submandibular gland to the submental space outside the field of radiation 

as part of surgical intervention (Jha et al. 2000; Seikaly et al. 2004; Seikaly et al. 2001) or 

as an independent surgical procedure (Al-Qahtani et al. 2006). Using the same rationale, 

i.e. moving the gland out of the radiation field, a canine model of "autotransplantation" of 

the salivary gland to the thigh area demonstrated gland function at the implant site (Eid A 

et al. 1997), however the gland was not re-implanted into the mouth area. 

 

Pharmacological agents have also been used to prevent radiation damage however the 

inherent risk in toxicity reduction schemes is protection of tumor by the pharmacological 

agent, thus reducing treatment efficacy (Brizel et al. 2000). Several drug classes have 

been used, with differing mechanisms of protection e.g. based on morphological and 

sialoscintigraphic findings, a cytoprotective effect on acute toxicity of rat salivary glands 

was detected under radiation with synchronous application of sodium selenite (Sagowski 

et al. 2004). Amifostine administration during head-and-neck RT reduces the severity and 

duration of xerostomia 2 years after treatment and does not seem to compromise 

locoregional control rates, progression-free survival, or overall survival (Wasserman et 

al. 2005). Other authors suggest that amifostine may protect the tumor (Cotrim et al. 
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2007a). An increased dose of amifostine may be needed to provide protection when 

chemotherapy and RT are combined (Abitbol et al. 2002). Tempol (4-hydroxy-2,2,6,6-

tetramethylpiperidine-N-oxyl) is a stable nitroxide. It has been used in murine studies and 

protected the salivary glands from single (Vitolo et al. 2004) and fractionated dose 

radiation-induced damage and did not protect the tumor (Cotrim et al. 2007a). 

 

To date there is no cure or prevention for the severe, common iatrogenic problem of 

radiation induced xerostomia. We decided to investigate a natural way to protect the 

glands, and if the results were favorable, to use gene transfer to mimic the natural 

protective paradigm. To that end we decided to see if heat acclimation mediated cross-

tolerance can protect the salivary glands, these terms will now be defined and discussed. 

 

1.2 Heat Acclimation 

Heat acclimation is a conserved phenotypic adaptive response to prolonged exposure 

higher ambient temperatures that not only confers protection against acute heat stress but 

also delays thermal injury (Horowitz 2001; Horowitz 2002). In terms of integrative 

physiological mechanisms, heat acclimation is characterized by decreased heat 

production, core temperature and heart rate. The capacities of the vascular and the 

evaporative cooling systems for heat dissipation are augmented (Horowitz 2001; 

Horowitz 2002). A drop in temperature thresholds for the activation of heat dissipation 

mechanisms and an elevated temperature threshold for the development of thermal injury 

imply the respective involvement of the autonomic nervous system and cytoprotective 

networks in these processes (Horowitz et al. 1983; Horowitz et al. 2004; Schwimmer et 

al. 2004).  

 

The submandibular gland is the main effector organ of the rat evaporative cooling 

system, and contributes up to 60% of total water evaporated. Considering that these 

glands are the experimental model we used, it is important to note the known impact of 

heat acclimation on the submandibular salivary gland. There are many changes to this 

gland during acclimation, and some of these are biphasic (Horowitz et al. 1996). The 

alterations include 1) increased gland size, with initial acinar hyperplasia followed by 

hypertrophy noted (Horowitz et al. 1978), and 2) inadequate saliva production for 

sufficient heat dissipation at the onset of acclimation due to impaired responsiveness of 

muscarinic receptors, once acclimatory homeostasis is achieved, glandular efficiency is 
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regained by up-regulation and a return of receptor affinity (Horowitz 2002; Kloog et al. 

1985) i.e. there is increased salivation when acclimatory homeostasis is achieved 

(Horowitz et al. 1983),(Horowitz et al. 1978; Oron et al. 1989). It is important to note, 

that while the amount of saliva is inadequate for heat dissipation, the flow rate is still 

greater than controls at the start of acclimation (Horowitz and Meiri 1985). 3) Decreased 

responsiveness of the gland to pilocarpine or parasympathetic nerve stimulation in the 

initial acclimation phase (Horowitz and Meiri 1985) 4) Long term acclimation is 

characterized by increased efficiency of the cellular secretory mechanism(s), 

demonstrated by the constantly increased efflux of ions (Oron et al. 1989). In contrast, 

the parotid gland maintains normal function following heat acclimation (Horowitz and 

Adler 1983). 

 

Heat acclimation involves cross-talk between peripheral effector organs and central 

autonomic control. In homeotherms, whose body temperature is constant and usually 

independent of the surrounding temperature, an apparent acclimated state (e.g., reduced 

heart rate, enhanced evaporative cooling, and increased thermal endurance) emerges 

shortly (2–5 days) after exposure to acclimating conditions. However, the development of 

the new acclimatory homeostasis is a longer process taking 3 to 4 weeks. Effector organ-

autonomic cross-talk at each specific acclimatory phase is achieved by different 

mechanisms. At the onset of heat acclimation increased excitability of the autonomic 

nervous system compensates for the marred cellular performance resulting from impaired 

signaling pathways. This phase is dominated by changes in the cell membrane, leading to 

a desensitization of G-protein-coupled receptors (Kloog et al. 1985), their associated 

signaling pathways including Ca2+ signals (Kaspler and Horowitz 2001), and target 

sensitivity.  

 

When acclimatory homeostasis has been attained metabolic alterations improve cellular 

function leading to enhanced efficiency — the effector-organ-output/excitation-signal 

ratio increases, suggesting decreased neural excitability (Horowitz 1998; Kaspler and 

Horowitz 2001). During this second acclimatory phase, enhanced integrative 

physiological mechanisms expand the dynamic thermoregulatory range (Horowitz 2002).  

 

Therefore, conceptually, the process of heat acclimation represents a transition from an 

early transient, ‘‘inefficient’’ to very ‘‘efficient’’ cellular performance when acclimatory 
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homeostasis has been reached (Horowitz 2003). The reprogramming of gene expression 

and post transcriptional mechanisms, both centrally and peripherally, are essential in the 

evolution of the acclimated phenotype (Horowitz 2002; Horowitz 2007).  

 

Cluster analysis of the genes involved in heat acclimation (in cardiac and brain tissues) 

uncovered a "two-tier" defense strategy: an immediate transient response peaking at the 

initial acclimating phase to maintain DNA and cellular integrity, and a sustained 

response, correlated with the slowly developing adaptive, long-lasting cytoprotective 

signaling networks involving genes encoding proteins that are essential for the heat-shock 

response, anti-apoptosis, and antioxidation (Horowitz et al. 2004). Among the heat 

inducible genes, the Heat Shock Proteins, HSP70 and HSP90 are the most extensively 

studied (Dietz and Somero 1992; Hartl and Hayer-Hartl 2002; Maloyan and Horowitz 

2002; Maloyan et al. 1999; Parsell and Lindquist 1993).  

 

The HSPs confer protection by acting as molecular chaperones, ensuring correct folding 

or degradation of proteins, maintaining the integrity of the cellular protein pool, or by 

facilitating other cytoprotective pathways (Buchner 1996; Bukau and Horwich 1998; 

Mayer and Bukau 2005; Morimoto and Santoro 1998). HSPs are an important component 

of the cellular stress response and play a critical role in the recovery of cells from stress 

(Feder and Hofmann 1999; Hightower 1991; Lindquist 1986; Morimoto 1998)(see below 

"an overview of heat shock proteins" for further details). Heat acclimation leads to a 

larger steady state stock of inducible HSP70, and to accelerated transcription of the 

HSP70 gene. This makes the acclimated animal better able to respond to heat and other 

stresses (Maloyan et al. 1999), however, it is yet to be demonstrated that elevations of 

HSPs alone are sufficient to provide the heat acclimation mediated cytoprotection. 

Interestingly, using Ceanorhabditis elegans, recent studies suggest that HIF-1α is 

essential (although not necessarily sufficient) for acclimation, the studies demonstrated 

that HIF-1α knockouts could not acclimate to heat and did not develop cross-tolerance 

(see below) to heavy metals (Treinin et al. 2003). Additionally, in mammalian species 

(rodents), a notable constitutive up-regulation of HIF-1α occurred in the hearts and brains 

of heat-acclimated animals, shown by Western immunoblotting (Maloyan et al. 2005; 

Shein et al. 2005). Therefore HIF-1α and targeted pathways are important in 

cytoprotective processes.  
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1.3 Cross-tolerance 

One of the fascinating outcomes of Acc, is cross-tolerance, also known as cross 

protection, the ability of one stressor to increase the resistance of an organism to a 

subsequent stressor of a different/novel nature (Kampinga et al. 1995; Moseley 1996). 

The ‘cross-tolerance’ phenomenon may be a critical feature of the cellular stress response 

found in nature via protective preconditioning effects. Most studies on preconditioning 

took advantage of the Heat Shock Response (HSR) and focused on short/limited time 

boundaries, in which transient cross-tolerance was conferred following a recovery period 

from an initial, sub-lethal short duration stress. The HSR can be defined as the well-

orchestrated series of cellular events occurring immediately after stress exposure, aiming 

to preserve function and viability (Blake et al. 1990). This short term protective process, 

involves the activation of immediate salvage signaling pathways which are later replaced 

by transcriptional activation and enhanced expression of cytoprotective components (2nd 

window of protection), affording protection for 1-72 hours (Bolli 2007; Hausenloy and 

Yellon 2007). (The late phases of this self-preservation mechanism (2
nd

 window of 

protection), which depend on translational processes, may be emulated with gene transfer 

and therefore have clinical relevance).  

 

In contrast, heat-acclimation-mediated cross-tolerance provides lasting protection for 2-3 

weeks. The effect is committed to memory and reappears (even following 2 months of 

de-acclimation) shortly after a return to the acclimating conditions -namely, 2 days 

instead of the 1-month required for the initial acclimation (Tetievsky and Horowitz-

submitted). Recent studies point toward chromatin remodeling as an underlying 

mechanism (Tetievsky and Horowitz, unpublished). Protection via Heat acclimation 

mediated cross-tolerance differs from classical preconditioning because it is the outcome 

of many interconnected constitutive changes that developed during the acclimating 

period. The protection from the new stressor is due to the activation of common 

protective pathways (Horowitz 2003; Maloyan et al. 2005). The finding that Heat 

acclimation mediated cross-tolerance occurs in a wide range of taxonomic groups, 

including worms [Ceanorhabditis elegans (Treinin et al. 2003)], insects [Folsomia 

candida (Bayley et al. 2001)] and in ectothermic vertebrates, such as fish [Tidepool 

sculpin (Todgham et al. 2005)], as well as rats and mice (Horowitz 2007) implies that this 

feature is evolutionarily conserved. 
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Looking more closely at the rat model of Heat acclimation mediated cross-tolerance; 

protection has been demonstrated in several tissues. In 1993, Levi et al. showed 

preservation of the cardiac ATP pool and a delayed decline in intracellular pH following 

total ischemia (Levi et al. 1993). When the hearts of acclimated animals were subjected 

to ischemic reperfusion insult the acclimated hearts had improved mechanical and 

metabolic performance and reduced injury (Horowitz 2003; Levy et al. 1997). During the 

ischemic reperfusion insult the acclimated animal was able to augment HSP70, as well as 

recruit other protective systems. HSPs are important protective players during heat stress 

and ischemia/reperfusion insult (Eynan et al. 1999; Kregel 2002; Morimoto and Santoro 

1998).  

 

In the brain, heat acclimation has also provided protection. Protection from exposure to 

hyperbaric oxygen was demonstrated by Arieli et al. (Arieli et al. 2003), where the 

latency to the appearance of central nervous system toxicity was twice as long. Following 

closed head injury, heat acclimated rats had better functional recovery, i.e. improved 

motor function and reduced secondary tissue damage (Beit-Yannai et al. 1997; Shohami 

et al. 1994). These results were subsequently also demonstrated in a mouse model (Shein 

et al. 2005). Heat acclimation has also conferred cross-tolerance to other stresses 

including noise induced hearing loss (Paz et al. 2004).  

 

1.3.1 Mechanisms of Cross-tolerance  

Although the mechanisms underlying cross-tolerance are not fully understood, heat shock 

proteins (HSPs), particularly HSP70, are thought to be involved. Studies conducted in 

bacteria and plants provide evidence that stressors, such as high temperature, that induce 

a more generalized cellular stress response (i.e., a larger suite of HSPs) are more capable 

of conferring cross-tolerance than stressors that induce a more specific cellular stress 

response, such as heavy metals (Flahaut et al. 1996; Laplace et al. 1996; Sabehat et al. 

1998). HSPs have also been implicated as mediators of cross-tolerance in fish. In the 

renal tissues of winter flounder (P. americanus), induction of HSP28, HSP70, and HSP90 

coincided with the protection of sulphate transport against the deleterious effects of a heat 

and chemical stressor (Brown et al. 1992). Smith et al. (1999) (Smith et al. 1999) 

reported that heat-shocked Atlantic salmon (S. salar) with elevated levels of bronchial 

and hepatic HSP70 were better able to tolerate an osmotic challenge. Increased levels of 

HSP70 conveyed cross-tolerance to a range of cellular insults, such as exposure to 
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apoptosis inducing agents (Samali and Cotter 1996; Sharp et al. 1999) i.e. the synthesis of 

HSPs from one insult conferred protection from a different source of insult (Nayeem et 

al. 1997). Collectively, these studies suggest an important role for HSPs in cross-

tolerance. 

 

In addition to the essential role of the HSPs in cross-tolerance other factors are also 

essential/important. As mentioned briefly above, HIF-1α is important in the cross- 

tolerance phenomenon, HIF is essential for its development in Ceanorhabditis elegans. 

The accumulation of HIF-1α and the transcriptional activation of HIF-1 are triggered by 

non-oxygen dependent pathways including ROS, cytokines and several growth factors 

and hormones (Chandel et al. 2000; Haddad 2002). The contribution of HIF-1 targeted 

pathways to heat acclimation induced cardiac cross-tolerance has also been established 

recently. Maloyan et al. reported increases in HIF-1α protein levels and binding activity 

as well as enhanced target gene mRNA expression in the hearts of Acc rats (Maloyan et 

al. 2005). Furthermore, HIF-1α protein levels were found to be higher in the brains of 

heat acclimated animals and the levels were sustained 4h following head injury (Shein et 

al. 2005).  

 

1.4 An Overview of the Heat Shock Proteins 

Heat shock proteins (HSPs) are among the functional class of molecular chaperones, 

these unrelated protein families (Baek et al. 2000; Dietz and Somero 1992; Maloyan et al. 

1999) assist in the correct non-covalent assembly of other polypeptide containing 

structures in vivo, but are not components of these assembled structures whilst they are 

performing their biological functions (Rico et al. 1999). The chaperones recognize and 

selectively bind non-native proteins under physiological and stress conditions, inhibit 

incorrect interactions and the formation of non-functional structures (Bouchama and 

Knochel 2002; Buchner 1996; Calderwood et al. 1996). HSPs are ubiquitous in nature; 

they are present in cells under normal conditions and their accumulation increases, 

transiently, after a wide variety of insults (Moseley 1996). Chronic insults, such as long 

term/continuous exposure to heat (e.g. heat acclimation), result in a constitutive elevation 

of cellular HSP reserves (Dietz and Somero 1992; Maloyan et al. 1999), in the 

redistribution of HSP isoforms (Norris and Hightower 2002) and also in an alteration of 

their response rate to other stresses (Maloyan et al. 1999). 
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HSPs are grouped into families based on molecular weight and amino acid sequence 

(Feige and Polla 1994; Westman and Sharma 1998), structure and function (Park et al. 

2000b). In mammalian cells the 5 major HSP families are HSP 110, 90, 70, 60 and small 

HSPs such as HSP 27 (Freeman et al. 1999). Each HSP family has defined functions in 

different cellular compartments (Feige and Polla 1994). Among the plethora of HSPs, the 

members of HSP70 family are universally recognized for their cytoprotective function, 

(Volloch and Rits 1999). However, during severe stresses protection is also conferred by 

other HSPs such as HSP90 and HSP25 in a hierarchical manner (Baek et al. 2000; 

Lindquist 1986). 

 

The protective role of HSPs is, at least in part, related to enhancing the cell’s ability to 

cope with denatured proteins, to prevent their aggregation and to facilitate renaturation of 

these proteins or their degradation (Feige and Polla 1994). Therefore, the stress response 

can be viewed as an amplification of pre-existing chaperone functions (Calderwood et al. 

1996). The cellular salvage stress-response has 2 components, one of which protects in 

the short term - up to 60 minutes, not requiring the synthesis of specific proteins, but 

activating defined salvage pathways involving the adenosine receptor, various kinases 

and mitochondrial KATP dependent channels (Hausenloy and Yellon 2006). It is known 

as the 1st window of protection, or classical preconditioning. The second (window of 

protection), delayed response is a longer lasting phase and involves the preferential 

synthesis of HSPs (Calderwood et al. 1996) and other proteins. Because of this sequence 

of events, short/acute sublethal stress preconditions cells to cope better with subsequent, 

more severe stresses, administered during the delayed phase of protection. 

 

The stressors inducing HSPs are denatured proteins produced by exposure to heat shock, 

ischaemia, heavy metals and toxins (Moseley 1996). Stresses such as heat, ethanol, 

arsenite, transition metals, release from anoxia, and mutagens also induce HSP 

production (Baek et al. 2000). The type and severity of the stress determine the HSP 

response and the outcome for the cell - survival or death (Morimoto and Santoro 1998). 

 

1.4.1 HSP70 

The cytoprotective role of HSPs has been attributed largely to the HSP70 family, in 

particular to HSP70 (Baek et al. 2000). Data show that the HSP70 family prevents protein 

damage, restores function to damaged proteins, and prevents cellular destruction (Mestril 
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et al. 1996; Mosser et al. 1997; Weiss et al. 2002) by interference with programmed cell 

death (apoptosis), thus providing cells with time to repair damage (Volloch and Rits 

1999). As mentioned above in the cross-tolerance section, another important feature of 

HSPs is their ability to confer tolerance to one stress via the exposure to another 

(Horowitz et al. 2004; Moseley 1996). Collectively, the biological responses to stress 

(described above) are conserved across species from bacteria to humans (Calderwood et 

al. 1996). 

 

1.4.2 HSP90 

HSP90 is abundant in eukaryotic cells, and is essential for viability (Borkovich et al. 

1989). It functions as a homodimer that associates with co-chaperones to catalyze the 

maturation and/or activation of more than 100 substrate proteins involved in cellular 

regulatory pathways. These clients include kinases, nuclear hormone receptors, 

transcription factors (Brown et al. 2007) essential for cell growth, differentiation and 

survival (Powers and Workman 2007). Even though several mechanisms exist to regulate 

the abundance of cytosolic and nuclear chaperones, activation of heat shock transcription 

factor 1 (HSF1) is an essential aspect of the heat shock response. HSPs and co-

chaperones that are assembled into multi-chaperone complexes regulate HSF1 activity at 

different levels. HSP90-containing multi-chaperone complexes appear to be the most 

relevant repressors of HSF1 activity. HSP90-containing multi-chaperone complexes 

interact with client proteins including HSF1 as well as with nonnative proteins. Therefore 

the concentration of damaged/nonnative proteins influences the assembly on HSF1 of 

HSP90-containing complexes that repress activation, and may play a role in inactivation, 

of the transcription factor (Voellmy and Boellmann 2007). Another demonstration of this 

point is that inhibitors of HSP90 have been found to stimulate HSF1 activity (Powers and 

Workman 2007).  

 

HSP90 is essential for chaperoning nuclear receptors, abundant at normal temperatures, 

up-regulated by stress, and has been reported to be involved in the stress response 

(Nayeem et al. 1997; Parcellier et al. 2003; Queltsch et al. 2002). Enhanced protection 

during stress has been demonstrated when HSP90 works in concert with HSP72 

(Gusarova et al. 2001). The protective effects of HSP90 during oxidative damage may 

shield the host cell from several types of apoptosis mediated by reactive oxygen species 

(Punyiczki and Fesus 1998). Furthermore, HSP90 also demonstrates anti-apoptotic 
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properties, possibly via inhibition of caspase activation (Arya et al. 2007; Pandey et al. 

2000).  

 

1.4.3 HSP25 

The small HSPs include HSP27/25 and alpha-crystallins, which share sequence 

homologies and biochemical properties such as phosphorylation and oligomerization. 

These ATP-independent chaperones protect the cells from protein aggregation (Garrido et 

al. 2006). Over-expression of HSP25 protects cells from apoptosis, oxidative damage by 

TNFα hydrogen peroxide, or menadion  and confers radioresistance (Baek et al. 2000; 

Mosser et al. 1997; Park et al. 2000a; Samali and Cotter 1996; Xanthoudakis and 

Nicholson 2000). Small HSPs, such as HSP25 may inhibit apoptosis by decreasing levels 

of reactive oxygen species (ROS) within cells or by stabilizing actin microfilaments 

(Parcellier et al. 2003). HSP27 and HSP70 can act at multiple control points of the 

apoptotic pathways to ensure that stress-induced damage does not inappropriately trigger 

cell death (Garrido et al. 2006). Co-regulation of HSP70 and HSP25 has been shown with 

respect to the adaptive response to radiation (Lee et al. 2002). Down-regulation of HSP90 

and HSP25 has been associated with increased radiosensitivity (Kassem et al. 2002). 

Recently, it was documented that radioprotection of the salivary glands could be achieved 

by increasing HSP25 (Lee et al. 2006).  

 

1.4.4 HSPs and Radioprotection 

The HSPs also are important in resistance to radiation damage. Radioprotection via 

increased levels of HSP70 has been demonstrated (in a melanoma cell line), and the 

experiment concluded that inducible HSP70 was responsible for the radioprotective effect 

(Park et al. 2000b). Cancer cell lines with HSP70 present in their membranes are more 

resistant to radiotherapy (Gehrmann et al. 2005). More recently, knockout mice, deficient 

in HSP70 were shown to be more radiosensitive (Hunt et al. 2004). Other studies also 

show that HSP70 is important in the radioprotective response (Mestril et al. 1996; Mosser 

et al. 1997; Weiss et al. 2002)  by inhibition of radiation induced cell death (Lee et al. 

2001). HSPs have also been shown to protect cells form DNA damage caused by 

radiation (Calini et al. 2003) and genomic instability has been reported in HSP70 

knockout mice (Hunt et al. 2004). 
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1.5 Heat Acclimation Mediated Cross-tolerance, Radioprotection and HSP70 

Therefore the concept of cross-tolerance, with the central role of HSPs and the role of 

these proteins in cytoprotection in general, and radioprotection in particular, inspired us 

to investigate whether (prior) Acc could confer protection from radiation damage to the 

salivary glands. The possibility of inducing radioresistance in a tumor following Acc, and 

the difficulties of applying this model to people, as well as the central role of HSP70 in 

cytoprotection lead us to hypothesize that a localized increase in HSP70 in the salivary 

glands before radiation would protect the glands. Based on numerous studies where the 

salivary glands were successfully used as the target for gene transfer (see below), we 

decided to use this technique to determine the validity or our hypothesis. Furthermore we 

decided to investigate the mechanisms of radiation damage and protection using a 

customized cDNA array, the mechanisms of radiation damage will be described followed 

by a discussion on gene therapy and the salivary glands. 

 

1.6 Radiation Damage to the Salivary Glands 

Ionizing radiation damages living tissues through a series of molecular events. Due to the 

fact that human tissues contain 80% water, most radiation damage is due to the aqueous 

free radicals, generated by the action of radiation on water. These free radicals react with 

cellular macromolecules, such as DNA, RNA, proteins, membranes and cause 

dysfunction and mortality (Nair et al. 2001). When major salivary glands are exposed to 

ionizing radiation severe alterations in function and histology are noted (Kuten et al. 

1986; Nagler 2002; Valdez 1991). The salivary glands respond rapidly to radiation, with 

a significant decrease in saliva flow that does not recover when over 90% of the gland is 

radiated (Burlage et al. 2001). The damage causing loss of function is a continuous 

process extending for at least one year (Nagler et al. 1997). The tolerable dose is 

relatively low, the literature cites between 26Gy (Eisbruch et al. 1999) and 39Gy 

(Roesink et al. 2001). The two most important factors that determine the severity of 

salivary gland damage caused by therapeutic irradiation are the dose of radiation 

delivered and the volume of gland exposed to the radiation field (Cooper et al. 1995; 

McDonald et al. 1994; O'Connell et al. 1999), such that sparing part of the gland reduces 

the damage (Eisbruch et al. 2001). The common animal models used to study the 

mechanisms of radiation damage are the rat, mouse, rabbit and mini-pig. Of these the rat 

is the most frequently used and the effects on the acinar cells are similar to those in 

humans (Taylor and Miller 1999). 
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24 hours after a single dose of 1000-2500 Rad to human salivary glands degeneration is 

characterized by nuclear pyknosis, vacuolization and loss of zymogen granules, 

predominantly in the serous acini, accompanied by an inflammatory cell infiltrate. 

Necrotic debris collect in dilated ducts (Cooper et al. 1995). Intercalated and interlobular 

ducts are dilated, with intact epithelial linings (Taylor and Miller 1999). The degeneration 

of serous (and sometimes mucous) cells continues (Taylor and Miller 1999). 10-12 weeks 

post radiation the histopathological changes include loss of serous acini, distortion or 

dilation of ducts, aggregation of plasma cells and lymphocytes and slight fibrosis. Six 

months post radiation the submandibular glands become fibrotic, filled with small dilated 

ducts, dense collagen and plasma cells. The changes stabilize after about a year, with the 

glands becoming generally fibrotic (Taylor and Miller 1999). The extent of the damage 

varies between patients (Taylor and Miller 1999). Mast cells may play a role in the tissue 

injury (Henriksson et al. 1994). 

 

1.6.1 Proposed Mechanisms of Radiation Damage 

The precise mechanism of the extreme radiosensitivity of salivary gland tissues is 

enigmatic (Konings et al. 2005; Nagler 2002). The vulnerability of salivary glands to 

radiation injury is considered to be "non-classical" and "mysterious", because the 

functional cells are highly differentiated and almost non-cycling, and therefore should not 

be highly radiosensitive (Konings et al. 2005). With other tissues, it has been found that 

the latent period before the onset of radiation damage depends on the rate of tissue 

proliferation (Stewart and van der Kogel 1994). Over the years many theories have been 

proposed and examined. A brief description of the main mechanisms will be provided 

here.  

 

1.6.1.1 Hypothesis I- apoptosis: Radiation induces apoptosis of the salivary gland cells. 

There is conflicting data regarding apoptosis as the mechanism of radiation damage to the 

salivary glands, Paardekooper et al. (Paardekooper et al. 1998) found very few apoptotic 

cells in the first 24 hours following radiation determined by H&E staining, furthermore, 

the number of apoptotic cells was not dose dependent. Stephens et al. (Stephens et al. 

1991) reported that apoptosis was the cause of cell death in radiated monkey lachrymal 

and salivary glands, and Vissink reported similar findings in rats (Vissink et al. 1991). 

The late and early effects of radiation may be caused by different processes, namely 
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apoptosis early on, and necrosis with inflammation brining on the late effects (Guchelaar 

et al. 1997). According to Muhvic-Urek et al (Muhvic-Urek et al. 2005) an imbalance 

between apoptosis and proliferation caused by radiation may be the reason for gland 

impairment during late post irradiation phase.  

 

1.6.1.2 Hypothesis II – Granules Disrupted- Metal Ions Promote DNA Damage: radiation 

disrupts salivary gland granules, the contents of which leak into the cytoplasm causing a 

redistribution of loosely bound metal ions, including iron and copper in the cell, the ions 

then reach the DNA promote its damage by free radicals (Nagler et al. 1997). Nagler et 

al., provided support for this theory by demonstrating that the glands could be protected 

from damage by administration of cyclocytidine before radiation. Cyclocytidine causes 

degranulation of salivary gland granules (Nagler et al. 1997). A correlation between the 

radiation induced salivary gland damage and the role of intracellular redox-active metal 

ions has also been reported by Nagler et al., (Nagler et al. 1998a). They again supported 

their hypothesis by demonstrating that Zn-DFO (Zinc-desferrioxamine), a potent 

protector from injuries caused by metal ions, reduced radiation damage to the salivary 

glands.  

 

Other authors question this theory. Coppes et al. (Coppes et al. 1997b) examined 

radioprotection by administering drugs that cause degranulation and those that do not, 

they noted protection from agents that did not degranulate the gland, and therefore 

concluded that "the observed protective effect on this gland cannot be explained by the 

"degranulation concept" (Coppes et al. 1997b). Nagler et al., in a more recent paper 

(Nagler 2002) suggested that the redox active metal ions are associated with the granules 

but not necessarily contained within them. A recent study by Takagi et al., (Takagi et al. 

2003) used a video-enhanced differential interference contrast microscope to observe 

granule behavior in radiated and non-radiated cells. They found no difference in granule 

behavior.  

 

Konnings et al.,(Konings et al. 2005) summarized the main problem with the above-

mentioned hypotheses is that recently performed assays show no cell loss during the first 

days after irradiation, while saliva flow is dramatically diminished (Coppes et al. 2001; 

Zeilstra et al. 2000).  
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1.6.1.3 Hypothesis III- Reactive Oxygen Species (ROS): As mentioned at the start of this 

section free radicals and reactive oxygen species are involved in radiation damage (Nair 

et al. 2001). Super-oxide dismutase 2 (MnSOD) is a known scavenging agent of 

superoxide radicals, and acts as a first line defense against oxygen free radicals (Malaker 

and Das 1988b). SOD2 has been shown to protect lungs (Carpenter et al. 2005; Malaker 

and Das 1988a), small intestine (Guo et al. 2005), intestinal vili (Guo et al. 2003b), oral 

mucosa (Guo et al. 2003a) from radiation damage in vivo. Importantly, partial protection 

of the parotid gland was noted when superoxide dismutase levels were elevated (Nagler 

et al. 2000). SOD2 has anti-inflammatory effects, which may also contribute to 

radioprotection (Greenberger et al. 2003; Nagler et al. 2000). There are many forms of 

ROS and free radicals generated following radiation, of these O2
-
 is crucial in this 

damage because O2
- leads to generation of OH- and highly reactive peroxynitrite  

(ONOO-) (Tateishi et al. 2007).  

 

1.6.1.4 Hypothesis IV – Essential Cellular Functions Compromised: Radiation 

compromises the functioning of the secretory cells. The function of irradiated salivary 

gland cells is hampered early on, as demonstrated by the impaired lag phase in saliva 

flow as well as the rate of flow (Konings et al. 2005; Vissink et al. 1991). Interestingly, 

Vissink et al (Vissink et al. 1992) discovered that the acute dose effect on lag phase and 

flow rate were greater when the glands were exposed to lower doses of radiation. Studies 

by Konings (Konings 1981; Konings et al. 2005) on liposomes and erythrocytes showed 

more damage to the plasma membrane at lower radiation doses. Another explanation for 

the severe early effects, is selective radiation damage to the plasma membrane of the 

secretory cells, disturbing muscarinic receptor stimulated water secretion (Coppes et al. 

2005). The interaction of free radicals with unsaturated sites in lipids generates 

hydroxyperoxides. The hydroxyperoxide residues change the hydrophobic interactions 

between adjacent chains of phospholipids allowing the penetration of water molecules, 

thereby altering the electric constant across the lipid bilayer, which in turn leads to 

changes in membrane permeability as well as degradation of lipids, i.e. lipid peroxidation 

(Vijayalaxmi et al. 2004). Lipid peroxidation levels play an important role in the balance 

between apoptosis and cellular proliferation (de la Cal et al. 2006). 

 

Later damage may be due to classical mitotic cell death of progenitor/stem cells, leading 

to a hampered replacement capacity of the gland for secretory cells, but is also caused by 
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damage to the extracellular environment, preventing proper cell functioning (de la Cal et 

al. 2006; Konings et al. 2005). The delayed damage may involve latent DNA damage 

manifested during mitosis i.e. a reproductive cell death mechanism (Nagler 2002).  

 

1.6.1.5 Hypothesis V- Microvascular Endothelial Cells Targeted by Radiation. Paris et al. 

proposed that endothelial apoptosis is the primary lesion, followed by epithelial damage 

in a mouse model of intestinal radiation damage (Paris et al. 2001). Again there is 

controversy in the literature as to whether this is the underlying cause of salivary gland 

radiosensitivity. Some authors report that there is no injury to blood vessels or other 

radiosensitive cells (beside the acinar cells) have been found in the salivary glands 

(Sholley et al. 1974; Stephens et al. 1986). A recent study by Cotrim et al. (Cotrim et al. 

2007b) demonstrated that four hours after radiation, microvessel density in salivary 

glands decreased by ~45%. However, if they pretreated the mice with adenoviral vectors 

encoding angiogenic proteins such as basic fibroblast growth or vascular endothelial 

growth factor the loss in microvessel density was significantly reduced. Furthermore, 

radiated mice pre-treated these vectors showed significant improvements in their salivary 

flow. These results are consistent with the notion that injury to the adjacent 

microvasculature may play an important role in salivary gland radiation damage. 

 

1.7 Gene Therapy  

Gene therapy can be defined as the transfer of nucleic acids into cells for the purpose of 

altering a disease or disorder. Vectors are carriers of the gene to be transferred, and are 

viral or non viral (Flotte and Ferkol 1997). Gene transfer refers to any technique where 

new genetic information is transferred (Flotte and Ferkol 1997; O'Connell et al. 1998b). 

 

1.7.1 Gene Therapy and the Salivary Glands  

The accessibility of the main salivary gland ducts entering the mouth makes direct gene 

transfer techniques an attractive option (Samuelson 1996). The delivery of genes or 

nucleic acid to the salivary glands involves the cannulation of the main salivary ducts, 

and infusion of the vector into the gland, the same clinical approach as sialography 

(Baum et al. 1998). (During sialography a contrast material is injected into the salivary 

duct (intraorally) highlighting the course and caliber of the ducts. The test is used to 

detect strictures or blockages). The epithelial cells abut the duct lumen and therefore 

come in direct contact with the vector (Baum et al. 1998; Mastrangeli et al. 1994; 
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Zufferey and Aebischer 2004). Salivary glands have been found to be a good target for 

gene therapy because their cells synthesize abundant amounts of protein (Baum et al. 

1998; Mastrangeli et al. 1994).  

 

Due to the fact that salivary epithelial cells divide slowly in vivo, any vector selected for 

gene therapy in this tissue must be able to infect non- or slowly dividing cells (Vitolo and 

Baum 2002). Adenoviruses and adenoassociated viruses can infect non dividing cells and 

have been used for gene transfer to the salivary glands (Baum et al. 2002). Serotype 5 

adenoviral vectors (Ad5) have been studied widely in both rats and mice (Delporte et al. 

1997). All cell types in rodent glands are good targets for Ad5 vectors (Vitolo and Baum 

2002). 

  

Recombinant adenoviral vectors used for in vivo gene transfer with salivary glands as the 

target organ in several animal models have yielded promising results due to the high 

infectability of the adenovirus. Retrograde infusion of rat major salivary glands with the 

recombinant adenovirus vector Ad.RSVβgal, encoding nuclear-targeted β-galactosidase 

resulted in statement of the proteins in both acinar and ductal cells (Mastrangeli et al. 

1994). Recombinant adenovirus vectors encoding the antifungal protein histatin 3 were 

infused into rat salivary glands, and directed the expression of biologically active histatin 

3 in rat saliva (O'Connell et al. 1996). The recombinant adenovirus AdhAQP1 encoding 

human aquaporin-1, the archetypal water channel, was administered to rat submandibular 

glands and significant hAQP1 expression was observed in acinar and ductal cells 

(Delporte et al. 1997; Zheng et al. 2001). Interestingly, this viral vector has been used 

successfully in a larger animal model, the miniature pig (minipig) with promising results 

(Baum et al. 2005; Shan et al. 2005). A recombinant adenovirus vector expressing E2F1 

increased DNA synthesis in rat salivary glands (O'Connell et al. 1998b). The 

pharmacological control (using rapamycin) of transgenic exocrine protein production and 

its presence in saliva after salivary gland gene transfer (using an adenoviral vector 

encoding human growth hormone) has been demonstrated (Wang et al. 2004).  

 

The hypothesis that salivary glands may function in an endocrine manner i.e. secrete 

proteins into the blood stream, was tested using recombinant adenoviruses. Using the 

recombinant Adα1AT adenovirus vector, elevated levels of human α1-antitrypsin were 
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measured in serum (Kagami et al. 1996). An adenovirus vector encoding human growth 

hormone, AdCMVhGH, was infused into rat submandibular glands and serum levels of 

human growth hormone were measured. These results provided the first demonstration of 

systemic biological action from a transgene product secreted in an endocrine manner 

from salivary glands (He et al. 1998b). Hydroxychlorquine enhanced the endocrine 

secretion of hGH (Hoque et al. 2001; Zheng et al. 2006).Control of secretion by 

manipulation of existing sorting signals, to direct hGH secretion from the regulated to the 

constitutive pathway was successful (Wang et al. 2005). Other hormones, such as 

erythropoietin have also been examined (Voutetakis et al. 2005). 

 

In addition to adenoviral vectors for gene transfer to salivary glands, use of other types of 

vector has been explored in these tissues, e.g., the retroviral vector BAG encoding β-

galactosidase caused prolonged statement (up to 43 days) of the enzyme in the acinar 

cells of the rat sublingual and submandibular gland (Barka and Van der Noen 1996).  

 

1.7.2 Dexamethasone and Gene Transfer to the Salivary Glands 

While there are many examples of successful gene transfer using adenoviral vectors (see 

above) and the salivary glands, the technique causes a dose related, rapidly developing 

inflammatory response (Adesanya et al. 1996). Furthermore, the vectors caused a 

transient decrease in salivary function. Both the inflammation and salivary hypofunction 

can be suppressed by administration of the anti-inflammatory glucocorticoid, 

dexamethasone. The expression of the transgene was extended by this treatment 

(Adesanya et al. 1996), implying that the transient expression was at least partially 

caused by the inflammation (O'Connell et al. 2003; Zufferey and Aebischer 2004). 
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2. Aims 

Given the complexity and prevalence of radiation damage to the salivary glands, and the 

potential to prevent this iatrogenic damage using "natural defenses" enhanced by heat 

acclimation or to mimic this protection using gene therapy with cytoprotective genes, the 

aims of this thesis were: 

1) To determine the long term effects of Heat Acclimation on the function of rat 

major salivary glands. 

2) To investigate the effect of Heat Acclimation on the dynamics of HSP70, HSP90 

and HSP25 in rat major salivary gland tissues. 

3) To determine heat acclimation mediated cross-tolerance can protect the salivary 

glands from radiation damage. 

4) To construct an adenoviral vector encoding HSP70 and test it in vitro in salivary 

gland cell lines to determine whether HSP70 levels can be elevated. 

5) To use the adenoviral vector encoding HSP70 in vivo and to investigate if there 

were long term changes in saliva output following virus administration as well as 

determining whether i) levels of HSP70 could be increased in the submandibular 

gland and ii) levels of HSP70 were affected by the dose of dexamethasone used . 

6) To use the adenoviral vector encoding HSP70 in vivo and to determine whether 

this vector could be used to protect the salivary glands from radiation damage. 

7) A customized cDNA array will be constructed and used to: 

a. Examine the genes involved in radiation damage to the salivary glands 

b. Understand the inherent protective mechanisms (enhanced via Heat 

Acclimation) in salivary glands against radiation damage, 

c. To compare and contrast the changes noted following gene transfer to 

those following heat acclimation. 
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3. Methods 

3.1 Experimental Animal Model for Heat Acclimation Experiments 

All experiments in this project were carried out using male Rattus norvegicus (Zabar 

strain, albino var). For heat acclimation 3-wk-old rats weighing 80–90g, fed on 

Ambar laboratory chow and water ad libitum, were used. Animal weights for the gene 

transfer experiments are noted in the appropriate sections. 

 

Fig. 3.1. Experimental Paradigm for Heat Acclimation and Cross-tolerance experiments. Treatment 

groups: Control- non-acclimated, maintained under normothermic conditions (24
o
C) and Acc -Heat 

Acclimation (30 day exposure to 34oC). Rad- Radiation, animals maintained under normothermic 

conditions, exposed to a single dose of 15Gy to the head and neck area, Acc + Rad -Heat Acclimated 

animals radiated as described for Rad1) Long term effects of Heat Acclimation on saliva flow, treatment 

groups listed in the Fig. 2) Cross-tolerance between Heat Acclimation and Radiation, treatment groups 

listed in Fig. 3) Protein dynamics of HSP25, HSP70 and HSP90. Treatment groups listed in the figure.  

 

3.2 Treatment Groups for Heat Acclimation and Cross-tolerance 

Animals were divided into 4 groups, 1) Heat Acclimation (Acc), 2) Radiation (Rad) 

3) Heat acclimation + radiation (Acc + Rad) 4) controls. These groups were 

subdivided for each specific protocol as described below and in Fig. 3.1. 

 

 

4 weeks  
Heat  acclimation 

4 weeks recovery 
(normothermic) 

2 weeks 
recovery 

2 weeks 
recovery 

Measurement of saliva flow 

1) Long term effects of heat acclimation (Acc) on saliva flow. Treatment groups Acc & control 

Radiation 

2) Cross-tolerance between Acc and Radiation (Rad). Treatment groups Acc, Acc + Rad & control 

4 weeks  
Heat  acclimation 

4 weeks recovery 
(normothermic) 

2 weeks 
recovery 

2 weeks 
recovery 

Measurement of saliva flow 

4 weeks Heat 
acclimation 

 98 hours 50 hours  24 hours 

HSP70, HSP90, HSP25 levels measured 

immediate 

3) Protein dynamics. Treatment groups Acc, Acc +Rad & control 

Radiation 
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3.2.1 Heat Acclimation 

Heat acclimation was attained by continuous exposure to 34±1°C and 30-40% relative 

humidity in a light cycled room (12:12h) for 30 days. This acclimation model has 

been extensively studied in our laboratory, and in our study, successful acclimation 

was assessed by body weight (Horowitz 1976; Horowitz et al. 1983; Horowitz and 

Meiri 1993), (Maloyan and Horowitz 2002; Maloyan et al. 1999). Control rats were 

kept under normothermic environmental conditions (24±1oC), with the same light 

cycling and food.  

 

3.2.2 Functional Studies – Saliva Flow 

In order to measure the saliva flow the rats were weighed and anesthetized (as 

described above). A tracheostomy was performed. The main excretory duct of the 

parotid was identified through an extraoral incision and cannulated with tapered 

polyethylene tubing (PE 10). The orifices of the main excretory ducts of the 

submandibular glands were identified intraoraly and cannulated with the same tubing. 

The tubing was secured to the floor of the mouth using superglue. All surgical 

procedures were performed using a dissecting microscope. Pilocarpine HCl 5mg/kg 

was administered subcutaneously. As soon as saliva flow was noted, (approximately 

3-4 minutes after the pilocarpine injection), the saliva was collected for 30 minutes 

into pre-weighed tubes (Nagler et al. 1997; Nagler et al. 1993a; Nagler et al. 1993b; 

Nagler et al. 1998b; Nagler and Laufer 1998) and samples were kept frozen. The 

volume of saliva secreted was weighed and the flow rate per gland served as an 

indicator of gland function. 

 

3.2.2.1 Long term Effects of Heat Acclimation on Saliva Flow 

Due to the fact that the submandibular gland is the main effector organ for heat 

dissipation in the rat, and that significant changes in this tissue have been observed 

during heat acclimation (Horowitz 1976; Horowitz 2002; Horowitz et al. 1983; 

Horowitz et al. 1996; Horowitz and Meiri 1985; Horowitz et al. 1978; Horowitz and 

Soskolne 1978; Oron et al. 1989), it was important to determine the long term effects of 

heat acclimation on saliva output. We determined these long term by measuring 

submandibular saliva flow 4, 6 and 8 weeks after heat acclimation. 
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3.2.3 Radiation Protocol 

Radiation was performed immediately following heat acclimation. Rats were weighed 

then anesthetized (as previously described), placed on their backs and their head and 

neck area radiated. A 1cm thick wax layer was placed on the radiated area to ensure 

homogenous dosing. A single exposure of 1500 Rads (15Gy) (field 32x6cm, SSD 

90cm) (Coppes et al. 2002; Coppes et al. 1997a; Coppes et al. 1997b; Konings et al. 

2005; Lombaert et al. 2006; Nagler et al. 1997; Nagler et al. 1998a; Nagler 1998; 

Nagler et al. 1998b; Nagler and Laufer 1998; Takagi et al. 2003; Vissink et al. 1991; 

Vissink et al. 1990; Zeilstra et al. 2000) from a CLINAC 6 radiotherapy machine (x-

ray) was administered. Lead shielding was placed on the remaining areas to protect 

other organs from radiation. Control rats were sham radiated (Nagler et al. 1998b). This 

radiation dose was selected as it is known to induce sufficient salivary gland damage 

without compromising the general health of the animals (Lombaert et al. 2006). As 

outlined in Fig. 3.1 Functional studies were performed 4, 6 and 8 weeks after 

radiation. 

 

3.2.4 Molecular Biology 

In this experimental group HSP 70, HSP90 and HSP25 were measured. 

 

3.2.4.1 Tissue Preparation and Determination of Protein Levels 

Immediately following heat acclimation Western blot was used to determine levels of 

HSP70. Animals were weighed and anesthetized by intra-muscular injection of 

ketamine chloride (60 mg/kg) and xylazine (5 mg/kg).The submandibular and parotid 

glands removed, rinsed and then placed into liquid nitrogen. Following gland removal 

the animals were sacrificed by anesthetic overdose. Tissues were homogenized using 

a hand homogenizer (kinematika, Lucerne, Switzerland) with TGS and protease 

inhibitors, DTT and PMSF, centrifuged at 14,000 rpm (centrifuge 5810R Eppendorf), 

for 20 min at 4oC, and boiled for 4 minutes. (Unless otherwise noted this particular 

centrifuge was used). The protein concentration of the gland samples was quantified 

using the Bradford method (Bio-rad Laboratories, Richmond, CA) (Bradford 1976). 

Prepared samples were further diluted in sample buffer to allow loading of 50µg of 
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total protein per gel track. Sample buffer contained 200mM Tris HCl, pH=6.8, 5% 

SDS, 30% glycerol, 0.04% Bromphenol Blue, 1% β-mercaptoethanol.  

 

3.2.5 Western Immunoblotting Procedure 

Proteins were separated by 10% SDS-polyacrylamide gel electrophoresis 80-100V, in 

running buffer that contained 0.3% Tris, and 1.44% Glycine. The separated proteins 

were then transferred to nitrocellulose membranes (Schleicher & Schull, Dassel, 

Germany) for 1h at 0.19Amps in Blotting buffer that contained 0.3% Tris, 1.44% 

Glycine and 20% ethanol. The membranes were washed for 2 h in PBS containing 

0.1% skimmed milk powder (Marvel) to block nonspecific binding sites. Then 

membranes were incubated at 4
o
C overnight with primary antibodies, mouse anti 

HSP70 (SPA-810 StressGen Biotechnologies Corp.), dilutions prepared according to 

manufacturer’s instructions in a solution that contained PBS, 0.1% Sodium Azide, 

DTT and blocking buffer. Following repeated washings, the membranes were 

incubated (1hr, room temperature) with the appropriate horse radish peroxidase 

conjugated antibody. Specific antibody binding was detected using enhanced 

chemiluminescence (ECL; Amersham, Bucks, UK), and density was measured using 

scanning densitometry (Tina software Raytest, Straubenhardt) (Laemmli 1970). 

 

3.2.6 HSP Dynamics 

In order to better understand the mechanism of cross-tolerance between heat 

acclimation and radiation damage in the salivary glands the protein kinetics of HSP70, 

HSP90 and HSP25 following Heat Acclimation, Radiation and Combined Heat 

Acclimation and Radiation were examined. Animals were divided into the 4 treatment 

groups described. Protein levels HSP70, HSP90 and HSP25 were determined at 4 time 

points following the stresses, immediately t=0, 24 hours later t=24, 50 hours later t=50 

and 98 hours later, t=98 (as outlined in figure 1). Animals were weighed and 

anesthetized at these times. Glands were removed and protein levels were determined 

using Western Blot (as described above). The same antibody for HSP70 mentioned 

above was used, and mouse anti HSP90, (SPA-830 StressGen Biolechnologies Corp.), 

rabbit anti HSP25 (SPA-801) were used for HSP90 and HSP25 quantification 

respectively. 
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3.3 Gene Transfer 

In order to determine if HSP70 was responsible for the radioprotection we constructed 

an adenoviral vector encoding HSP70 as described below. 

 

3.3.1 Construction of Adenoviral Vector Encoding HSP70 

3.3.1.1 General Overview of Adenoviruses 

Adenoviruses were discovered in 1953 (Rowe et al. 1953). This virus has many 

features that make it well suited for gene delivery, including the ability to grow 

recombinant viruses to high titers, a relatively high capacity for transgene insertion, 

and efficient transduction of both dividing and quiescent cells- usually without 

incorporation of viral DNA into the host genome. These characteristics have made the 

adenovirus a frequent choice as a gene delivery vehicle (McConnell and Imperiale 

2004). 

 

3.3.1.1.1 Biology of the Adenovirus 

Adenoviruses, used extensively in gene therapy, have a linear 36kb double stranded 

DNA core surrounded by a protein coat. The Icosohedral capsid has a diameter of 70-

90nm, and is composed of 3 main proteins 1) Hexons that cause the geometrical shape 

of the capsid; 2) fibers which protrude from the 12 corners and have three subunits 

(from outside) the knob, shaft and tail; 3) Pentons anchor the fibers by attaching to 

their tails (Benihoud et al. 1999; Cao et al. 2004; Russell 2000). There are 51 

serotypes that infect human cells (Kojaoghlanian T et al. 2003; Tatsis and Ertl 2004), 

categorized A-F. Most research has been carried out on Ad2 and Ad5 from the C 

serotype (Russell 2000; Tatsis and Ertl 2004).   

 

Viral genes are categorized by the stage they are expressed during infection. The genes 

involved in the initial stages (before viral genome replication) are called the Early 

Genes. E1A is the gene encoding proteins that activate transcription of other viral 

genes that cause the cell to enter the Replication (S) part of the cell cycle. E1B genes 

encode anti-apoptotic proteins; E2 genes are directly involved in viral replication; E3 

proteins regulate the cellular response to infection; E4 genes encode proteins with 

various functions including transport of viral mRNA, DNA replication and delaying 

apoptosis. The next genes expressed are the delayed early genes IX and IVa2. The late 

genes are expressed after replication of the viral genome and are involved in forming 
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the capsid and assembly (Cao et al. 2004; Russell 2000). All the viral proteins are in 

trans, yet the packaging signal and the inverted terminal repeats (ITR) are in cis 

(Morsy and Caskey 1999). The packaging sequence found at 260bp from the left ITR 

ensures the recognition of the viral DNA by the capsid. 

 

The reproductive cycle of most types of adenovirus begins with the interaction 

between the fiber knob and the cellular receptor CAR (coxsackie-adenovirus receptor). 

An interaction between the RGD sequence at the bases of the penton and integrins 

then follows, leading to endocytosis via clathrin coated pits. The capsid is partially 

broken down in the endosime, and the change to acidic pH enables the virus to move 

to the cytoplasm. Using the microtubular network the virus moves in the direction of 

the nucleus, to the nuclear pore complexes, attaches to the nuclear envelope and enters 

the nucleus through the pore. In the nucleus transcription and translation begin to take 

place, that is completed when virions are assembled. Their release causes the death of 

the infected cell (Nemerow 2000; Russell 2000; Smith and Helenius 2004).  

 

3.3.1.1.2 The Adenovirus as a Vector 

As mentioned above, the adenovirus has several properties that make it attractive to 

use as a vector. Most serotypes used as vectors are Ad2 and Ad5 and they do not cause 

any known serious illnesses in adult humans (with fully functional immune 

systems/immune-competent) (Cao et al. 2004; Tatsis and Ertl 2004). The size of the 

transgene that can be transferred, the stability of the virus in vivo and the ability to 

produce high titres/concentrations of the virus are also advantageous (Mizuguchi et al. 

2001). Unlike other viruses, there is much research about adenoviral biology and its 

use in gene transfer (Tatsis and Ertl 2004). The adenovirus has wide tropism, and can 

infect dividing and non-dividing cells with high efficiency (Cao et al. 2004; Mizuguchi 

et al. 2001; Tatsis and Ertl 2004). Viral DNA does not integrate into the host genome, 

it usually remains as an episome in the nucleus, reducing the chances of mutation in 

the host (Mizuguchi et al. 2001; Mountain 2000). Due to the fact that adenoviral 

vectors do not replicate extrachromosomally and rarely integrate into the host 

chromosome, Ad-mediated gene expression is temporary, variable and dependent on 

other factors such as cellular turnover and immune responses directed against 

transduced cells (Mizuguchi et al. 2001). 
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The first generation of adenoviral vectors lacked all or part of E1 genes. E1 is essential 

for viral replication, thus the vectors were produced in cell lines that provided these 

gene products in trans. In most cases 293T cells (kidney cell line of human origin) that 

underwent transfection to continually express E1 proteins (Graham et al. 1977). 

However, since this cell line contains large sequences that are homologous to the 

vector sequences (on either side of the E1 gene), the possibility of recombination 

during production exists, and this will allow the virus to be able to replicate- 

Replication Competent Adenovirus (RCA). The presence of RCAs limits the 

maximum dose able to be administered for treatment and causes safety issues (Fallaux 

et al. 1999; Lochmuller et al. 1994; Mountain 2000). In order to prevent this RCA 

problem, other cell lines were developed with restricted sequence homology with the 

vector, to minimize recombination (Gao et al. 2000; Imler et al. 1996). 

 

A 4kb transgene can be inserted into these first generation vectors. If the E3 gene is 

also removed an 8kb transgene can be inserted. Vectors with E1 and E3 deletions are 

still considered part of the first generation (McConnell and Imperiale 2004).  

 

The HSP70 gene has been successfully incorporated into adenoviral vectors and used 

in several tissue types to increase HSP70 including: chondrocytes (Arai et al. 1997; 

Kubo et al. 2001), neurons (Beaucamp et al. 1998), lung (Hiratsuka et al. 1999; Weiss 

et al. 2002; Weiss et al. 2001), myogenic cells, specifically in cardiomyocytes (Mestril 

et al. 1996), salivary glands (Lee et al. 2006). 

 

3.3.1.2 Construction of Adenoviral Vectors 

The AdEasy system (http://www.coloncancer.org/adeasy.htm) was used to construct 

an adenoviral vector encoding Heat Shock Protein 70 (HSP70) and Green Fluorescent 

Protein (GFP) AdHSP70. Adenoviral vector construction relies on homologous 

recombination, the AdEasy system uses bacteria (Escherichia coli) for this, which is 

more efficient than systems used in the past that relied on mammalian cells (e.g. 293 

cells)(He et al. 1998a). 

 

In order to construct AdHSP70 with the AdEasy system the plasmids 1) pAdEasy1, 

that contains the sequences of all the adenoviral genes except E1 and E3, and 2) 

pAdTrack-CMV with the HSP70 gene inserted into it were used. pAdTrack CMV 
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contains a CMV promoter which allows strong expression in numerous cell types 

(including salivary gland cells (Adesanya et al. 1996; He et al. 1998b; Hoque et al. 

2000)) , polyadenylation (poly-linker) sites on either side of the region where the 

transgene will be inserted, and a reporter gene encoding GFP, regulated by a second 

CMV promoter. The poly-linker sites for insertion of exogenous transgenes are 

surrounded by adenoviral sequences that allow homologous recombination with 

pAdEasy-1.  

 

3.3.1.2.1 Insertion of HSP70 into the Plasmid and Fragment Selection  

In order to insert HSP70 (the gene of interest), pAdTrackCMV was cut with restriction 

enzymes KpnI and XbaI, (the large fragment was isolated) then ligation was 

performed with the HSP70 gene that was removed from its plasmid with the same 

restriction enzymes (the small fragment was isolated).  

 

Fragment selection was performed by electrophoresis using a 1% low melting point 

agarose gel and the required fragment was extracted from the gel using the AgarACE® 

kit, according to manufacturer's instructions. The plasmid with the Rattus Norvegicus 

HSP70 gene (EMBL X74271) was generously provided by Lisowska (Glowala et al. 

2002).  

 

3.3.1.2.2 Fragment Amplification and Storage 

In order to increase the amount of plasmid, and as a method of plasmid storage, 

electroporation was used to transform pAdTrack-CMV-HSP70 into electro-competent 

bacteria, Ecoli, strain DH5α, were used.  

 

3.3.1.2.2.1 Preparation of Bacteria for Electroporation 

An initial suspension of bacterial cells was prepared by growing a small number of 

bacteria (E.Coli BJ5183 or DH5α) in 2mL of LB medium. The test-tube was incubated 

overnight at 37
o
C. 1mL of this solution was diluted 100 times in LB medium and 

allowed to grow until the optimal concentration was achieved. Concentration was 

determined using optical density, and the concentration used was OD600=0.4-0.6. The 

bacteria were precipitated via centrifuge (3300g for 7 minutes at 4oC), and then the 
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pellet was washed with DDW three times. At the end of the final wash the pellet was 

suspended in 350µl DDW. 

 

3.3.1.2.2.2 Electroporation 

 In a cuvette suitable for the instrument ECM399(BTX) the following was mixed 1µl 

plasmid DNA, 80µl bacterial suspension. 2500V was passed through the cuvette for 1-

2 seconds, then recovery medium LB-SOC was added. The suspension was placed in a 

test-tube and gently shaken for 1 hour at 37
o
C. 

 

3.3.1.2.3  Plasmid Removal from Bacterial Cells  

The bacteria were precipitated by centrifuge at 20,000g for 5 minutes, the sediment 

was resuspended in order to extract the plasmid using the principle of alkaline lysis 

using QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany), following the 

manufacturer's instructions.  

 

3.3.1.2.4 Analysis of Clones 

3.3.1.2.4.1 Restriction Enzyme Analysis 

Restriction enzyme analysis of putative HSP70 clones in pAdTrack-CMV was 

performed. The plasmid was cut with BglII the expected fragment size 500bp was 

found, KpnI and XbaI were also used for analysis. 

 

3.3.1.2.4.2 FuGene
TM

6 Transfection to Verify GFP and HSP70 Statement  

The plasmid was transfected into 293T cells to see if GFP was expressed and also to 

see if HSP70 levels were elevated. HSP70 levels were determined using Western 

Blott. Method of protein extraction from cells is detailed below. 

 

293 cells are human embryonic kidney cells that have undergone transfection such that 

they stably express the E1 protein required for the replication of recombinant viruses 

(see introduction). These cells were grown in DMEM medium (GIBCO) with the 

addition of 10%FCS, 1% Pen/Strep and 1%L-Glutamine. Transfection based on the 

presence of a lipid-DNA complex is very efficient in these cells (He et al. 1998a), 

therefore the FuGene
TM

6 reagent was used according to manufacturer's instructions.  
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In order for the cells to be 70% confluent on the day of transfection, 8x105 cells were 

seeded onto a 6cm plate, with 4ml of medium 24 hours before transfection. For the 

transfection 2µg of DNA plus 3µl Fugene were added to 97µl of serum free medium 

OptiMem 1(GIBCO). According to the manufacturer's instructions the solution was 

left at room temperature 15-45 minutes then added to the plates. The plates were 

incubated at 37
o
C, 5% CO2 for 24-48 hours and the medium was replaced as needed. 

Transfection efficiency was determined by examining the production of GFP using a 

fluorescent microscope. Additionally, Western blots were run to determine whether 

the plasmid increased HSP70 levels, the procedure is described above. 

 

3.3.1.2.5 Linearization and Homologous Recombination 

pAdTrackCMV-HSP70 was then linearized using PmeI and introduced into BJ5183 

bacteria with pAdeasy1 using electroporation (as described above). The plasmid 

pAdHSP70 was formed. The plasmid pAdHSP70 confers kanamycin (kan) resistance, 

therefore colonies able to grown on a medium containing Kanamycin contain the 

plasmid.  

 

3.3.1.2.5.1 Colony Growth and Isolation  

After 1 hour, 200µl of the suspension was seeded (using glass beads) onto plates with 

LB agar and appropriate antibiotics for selection (Kanamycin). The plates were 

incubated overnight at 37
o
C. After the colonies were grown, isolated colonies were 

selected and placed into a test-tube with 2.5ml of LB+Kan. These were incubated 

overnight with gentle shaking. The bacteria can be stored for extended periods at -

80
o
C in a 15% glycerol solution. 

 

3.3.1.2.5.2 Homologous Recombination - Identification of Colonies 

In order to identify the colonies where homologous recombination occurred, 

approximately 20 colonies were chosen from the selective agar, and a small number of 

bacteria were taken from the colony in order to perform 2 PCR reactions. The first 

reaction was performed with the P10 primer [(Ad5: 5,317-5,336) base sequence 

CCTCGTCAGCGTAGTCTGGG] and P5 primer [(Ad5: 5,841-5,820) base sequence 

GTCTCAGAGTGGCCGAGTTT] the second reaction used P10 and P9 primer [(Ad5: 

35,325-35,306) base sequence GATGTGAATCAACCTGATGT]. From the first 
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reaction, the presence of a fragment of about 520bp, and the absence of fragments of 

870bp from the second PCR indicate that the bacteria contain the desired plasmid. 

 

The PCR reaction for each sample was in a volume of 20µl, the mixture contained 

DNA- bacterial, 0.3uM of each primer, 0.2mM dNTPs, 1x polymerase buffer, 1.5mM 

MgCl2 and 1.25U Taq DNA polymerase. The program for the PCR reactions was 1) 2 

minutes at 94
o
C; 2) 10 seconds at 94

 o
C 3) 20 seconds at 54

 o
C 4) 30 seconds at 72

 o
C 

5) repetition of 2-4 30 times 6) 4 minutes at 72
 o

C 7) cooling 4
 o

C. PCR products were 

separated by electrophoresis using a 1% agarose gel containing ethidium bromide. 

 

The control virus AdGFP was constructed by Dr Hila Giladi and kindly donated by 

Prof. Eithan Galun for use in this project. It was also constructed using the AdEasy 

system. 

 

3.3.1.2.6 Plasmid Extraction and Confirmation 

The bacteria were precipitated by centrifuge at 20,000g for 5 minutes, the sediment 

was resuspended in order to extract the plasmid using the principle of alkaline lysis 

using QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany), following the 

manufacturer's instructions.  

 

To confirm the presence of the desired plasmid the size of the supercoil and fragments 

from cutting with appropriate restriction enzymes were separated using a 0.8- 1% 

agarose gel containing ethidium bromide. Specifically, clones were tested by 

restriction endonuclease digestions with PacI and BamHI. Those plasmids cut with 

enzyme PacI produced the vector AdHSP70.  

 

3.3.1.2.7 Viral Production in GH354 Cells 

GH354 cells are Hela cells that constitutively express the E1 protein, and like the 293 

cells they allow the production of first generation adenoviral vectors (those with E1 

deletion) in an efficient manner. Unlike the 293 cells that contain long sequences that 

are homologous with the vector sequences at the 5' and 3' region of the E1 gene, 

GH354 cells do not contain long homologous sequences, and reduce the likelihood of 

producing a replication competent adenovirus (Gao et al. 2000).  
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3.3.1.2.7.1 Tissue Culture of GH354 Cells 

Cell cultures of GH354 cells were grown on 15cm plates with 20ml of DMEM with 

the addition of 10%FCS, 1% Pen/Strep and 1%L-Glutamine in an incubator at 37
o
C, 

5% CO2. When the cells were 80-90% confluent they were infected with the virus at a 

MOI (Multiplicity of Infection) of 1-5, diluted in infection medium DMEM with the 

addition of 2%FCS, 1% Pen/Strep and 1%L-Glutamine, using 8ml of medium, which 

is the minimum possible. Two hours later 12ml of infection medium was added, thus a 

total of 20ml of medium was used. The cells were harvested after 2-3 days.  

 

3.3.1.2.7.2  Extraction of Virus from Cells 

The virus was extracted by centrifugation of the cells 350g for 5 minutes, suspension 

of the pellet in PBS, lysis by 3 freeze thaw cycles in liquid nitrogen, and then an 

additional centrifuge of 20,000g for 4 minutes to allow precipitation of cell fragments. 

The supernatant contains the virus. The virus was stored at -80
o
C until needed.  

 

3.3.1.2.8 Plaque Purification 

Following transfection of the vector into GH354 cells, the virus was produced and 

purified using plaque purification technique. 

 

3.3.1.2.9 Large Scale Virus Production 

Using the GH354 cells and the same techniques above, but with many more plates of 

cells, large amounts of adenovirus was produced.  

 

3.3.1.2.10 Determination of Viral Titer 

"In those [viruses] which include GFP marker, titration of infectious units (i.e., those 

resulting in expression of GFP) is determined by fluorescence microscopy". 

(http://www.coloncancer.org/adeasy/protocol.htm) .Using a 96 well plate, GH354 cells were seeded and 

exposed to serial dilutions (x10) of AdHSP70. The plate was examined with a 

fluorescent microscope, and titer calculated. 

 

3.3.1.2.11 Presence of Replication Competent Adenoviruses 

As mentioned above, adenoviral vectors are constructed in cell lines (such as 293T and 

GH354), which provide them with the missing E1 protein, essential for viral 

replication. Due to the fact that the vectors and cell lines have overlapping DNA 
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sequences (in the region of the E1 gene), it is possible (particularly during large scale 

production), that homologous recombination will occur and the virus will become 

replication competent (RCA) (Gao et al. 2000). A reproductively competent virus 

could make interpretation of the results of this research project more difficult, if not 

impossible, therefore it is essential to determine if the viral vectors constructed are 

RCA. 

 

3.3.1.2.11.1 Viral DNA Isolation 

In order to detect RCAs viral DNA was isolated using QIAamp DNA Blood mini kit 

(QIAGEN, Hilden, Germany) according to the manufacturer's instructions (the DNA 

was purified in 60µl of DDW).  

 

3.3.1.2.11.2 Nested PCR 

The viral DNA was then tested using Nested PCR, a combination of 2 PCR reactions, 

where the first reaction product of a specific length, and the second enhances the result 

of the first by replication of a smaller fragment (which is part of the first fragment). 

The aim is to increase the sensitivity of the test. In each primer pair, the sequence of 

one primer is complementary to the vector and the second is complementary to the E1 

gene- such that any fragment found implies recombination and RCA. Two nested PCR 

reactions were performed, from the 5' and 3' ends of the site of transgene insertion. 

 

Table 3.1. Primers for Nested PCR 

  Primer name Sequence Product size Aim 

1 Ad5-400/s 400-419 TCTCAGGTGTTTTCCGCGTT 

2 Ad5-931/as 931-912 GCAGGTAAGATCGATCACCT 
532bp 1

st
 PCR 5' 

3 Ad5-448/s 448-467 TAGTCAGCTGACGTGTAGTG 

4 Ad5-800/as 800-781 GTAAGTCAATCCCTTCCTGC 
353bp PCR nested 5' 

5 Ad5-3400/s 3400-3419 TTAGGAACCAGCCTGTGATG 

6 Ad5-3979/as 3979-3960 AGATCCAACAGCTGAGA 
580bp 1

st
 PCR 3' 

7 Ad5-3476/s 3476-3495 TGAGTTTGGCTCTAGCGATG 

8 Ad5-3949/as 3949-3930 AGTTCCCGGGTCAAAGAATC 
474bp PCR nested 3' 

 

Each PCR was performed in a volume of 20µl, the mixture included DNA, 0.25µM of 

each primer, 10µl of PCR master mix (Ready mix
TM

). The reaction for the nested PCR 

contained 2µl from the first PCR, 0.25µM of each primer, 9µl of PCR master mix 

(Ready mix
TM

). DNA from the Ad5 (wt) served as a positive control and DDW was 



 34

used as a negative control. The program for the PCR reactions was 1) 2 minutes at 

94
o
C; 2) 20 seconds at 94

 o
C 3) 30 seconds at 55

 o
C 4) 30 seconds at 72

 o
C 5) repetition 

of 2-4 30 times 6) 7 minutes at 72
 o

C 7) cooling 4
 o

C. PCR products were separated by 

electrophoresis using a 1% agarose gel containing ethidium bromide 

 

3.3.2 Use of Adenoviral Vector Encoding HSP70 in vitro 

3.3.2.1 Overview of Salivary Gland Cell Lines  

Two established, well researched salivary gland cell lines, A5 and HSG were used (He 

et al. 1989; Lazowski et al. 1995). These cells have different origins and different 

components (Lazowski et al. 1995). HSG cells have been used in numerous 

physiological studies in vitro. They exhibit functionally coupled neurotransmitter 

receptors, intact calcium ion signaling systems, and ion channels and receptors 

important for fluid secretion (Daniels et al. 2000). These cells have been successfully 

infected with replication deficient adenoviral vectors expressing a variety of 

transgenes, e.g., β-galactosidase, the aquaporin 1 water channel, α1-antitrypsin and the 

transcription factor E2F1 (Aframian et al. 2001; O'Connell et al. 1998a). HSG cells 

can express and correctly route these foreign gene products following adenoviral 

vector infection (Aframian et al. 2001; O'Connell et al. 1998a). A5 cells have been 

utilized in investigations of viral and non-viral vectors. Human aquaporin 1 (hAQP1) 

gene in a fusion product of the hAQP1 and jellyfish green fluorescent protein (GFP) 

cDNAs was transferred successfully using a recombinant adenoviral vector. The 

fusion protein (hAQP1GFP), was detected in the plasma membrane of A5 cells 

(Hoque et al. 2000). The transduction of the full length, active TAT fusion protein 

TAT-Acc-b-galactosidase into A5 cells was found to be concentration- and time 

dependent. The fusion protein was transduced into 100% of A5 cultured cells (Barka 

et al. 2000). 

 

3.3.2.2 Tissue Culture Techniques 

A5 cells were maintained in McCoy’s 5A medium containing 10% fetal bovine serum, 

50 U/ml penicillin, and 50 U/ml streptomycin. Media was changed three times per 

week (Taku Murata et al. 2001). HSG cells were grown in Dulbecco’s modified 

Eagle’s medium (DMEM)/F-12 with 5% fetal bovine serum, 50 U:ml penicillin, and 

50 U:ml streptomycin (Jung et al. 2000), with Media changed as required.  
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3.3.2.3 Dose Response Experiment 

In order to determine 1) whether AdHSP70 increases HSP70 levels in vitro, and 2) 

whether infection with any adenoviral vector (irrespective of whether it encoded 

HSP70) would increase levels of HSP70, and 3) whether GFP specifically alters levels 

of HSP70 the following experimental protocol was used.  

 

3.3.2.3.1 Experimental Conditions A5 and HSG Cells 

For this experimental series 1x10
5
 cells HSG cells and 0.75x10

5
 A5 cells were seeded 

into 12 well plates. Transfection was performed when the cells were 70-80% 

confluent. The cells were exposed to increasing TU (Transducing Units; TU= titer x 

volume in ml) of AdHSP70 and AdGFP 12500 TU, 25000 TU, 62500 TU, 125000 

TU. (The corresponding volumes of viral stock (µl) used were 1, 2, 5, 10). Protein was 

extracted from the cells 48 hours after infection (as described below), and protein 

levels were measured using Western Blot (as described above). 

 

3.3.2.3.2 Protein Extraction from Cells 

Cells and medium were gathered from the plates, centrifuged for 3 minutes at 

1000rpm, the supernatant was discarded. 100µl lysis buffer was added to each well of 

the12 well plate, mixed thoroughly and incubated for 15 minutes on ice. (The lysis 

buffer contained NP40-100µl, 1M Tris pH 7.8-100µl, 5M NaCl-300µ, 0.5M EDTA-

80µl, 0.5M Na pyrophosphate-200µl, 1M NaF-100µl, Sterile DDW-8.59ml, 1 tablet of 

protease inhibitors was added to 10ml lysis buffer and stored at -20
o
C). The mixture 

was then centrifuged at 4
o
C for 15 minutes at maximum speed, and the supernatant 

kept. Protein concentration was determined using a spectrophotometer at a wavelength 

of 595nm. 

 

3.3.2.4 HSP70 Dynamics Following Infection of A5 and HSG cells with AdHSP70 

In order to determine the protein dynamics of HSP70 in A5 and HSG cells, the cells 

were exposed to two different TU, namely 625005 TU, 125000 TU of AdHSP70, and 

AdGFP. Protein was extracted (as described above) and measured using Western Blot 

(as described above) 1,2,3 and 4 days following infection. 
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3.3.3 Use of Adenoviral vector encoding HSP70 rat Salivary Glands in vivo 

 

Fig. 3.2. Experimental Paradigm of AdHSP70 use in vivo. Virus was administered to the right 

submandibular gland only, dexamethasone administration and treatment groups listed for each series. 

For dose response experiments 1) Increasing viral titers (a, b, c) were administered. Dose a= 62500 TU,  

b= 312500 TU and c= 625000 TU. For all other experiments dose b was administered. 2) Protein 

dynamics following viral administration. 3) Long term effects of viral transfer on saliva flow. 4) 

Determination of Radioprotection by viral transfer prior to radiation. Radiation protocol as outlined in 

Fig. legend 3.1.  

 

Dose Response Following Viral Administration 

Male Sabra Rats 190-200g were divided into 7 groups (3 animals per group), 3 groups 

were administered increasing doses of AdHSP70 (doses A, B, C defined below), 3 

groups were administered increasing doses of AdGFP (the control virus, encoding 

GFP only), the control group was not administered any virus. Animals were sacrificed 

4 days after viral administration. 

 

 

 

1) Dose Response to AdHSP70. Treatment groups Virus- 3 doses & control 

Dexamethasone for 4 days 

3 viral doses a,b,c 4 days recovery 

HSP70 levels measured 

2) Protein dynamis . Treatment groups Virus- 1 dose & control 
Dexamethasone for 4 days 

Viral dose b 2 days 
recovery 

4 days 
recovery 

7 days 
recovery 

10 days 
recovery 

HSP70 levels measured 

3) Long term effects of viral transfer on saliva flow. Treatment groups Virus, Control 
Dexamethasone for 2 days 

Viral dose b 8 weeks recovery 

Measurement of saliva flow 

Radiation 

4) Radioprotection from adHSP70 administration.  Treatment groups Rad, Rad + Virus, 
Control. Dexamethasone for 2 days 
Dexamethasone for 2 days 

Viral dose b 8 weeks recovery 

Measurement of saliva flow 
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3.3.3.1.1 Virus Administration to Rat Submandibular Salivary Glands 

All animals were given 4mg/kg dexamethasone daily. The animals were anesthetized with 

ketamine/xylasine IM (as described), atropine 0.5mg/kg was administered 10 minutes 

before viral administration. The right submandibular gland was cannulated with tapered 

polyethylene tubing (PE10) (using the technique described for saliva collection) and 50µl 

of solution was infused into the gland in a retrograde manner. Group A was administered 

the lowest TU, achieved by diluting 5µl of virus in a total volume of 45µl buffer, group B 

25µl of virus was added to an equal volume of glycerin buffer, and in group C the virus 

was undiluted. The corresponding TU (transducing units) are A= 62500 TU, B= 312500 

TU and C= 625000 TU. 

 

3.3.3.1.2 Determination of HSP70 Statement Following Virus Administration and 

Comparison to HSP70 Levels Following Heat Acclimation 

Western blot (method described above) was used to determine the levels of HSP70 in the 

glands following the abovementioned treatments. Comparison of the level of HSP70 

following the viral treatments to that found following heat acclimation was also performed 

using Western blot.  

 

3.3.3.2 HSP70 Protein Dynamics Following Virus Administration 

Animals were divided into 4 groups based on the day of sacrifice following virus 

administration: 2 days, 4 days, 7 days and 10 days. All animals were administered the same 

dose of AdHSP70, 312500 TU (namely the dose of "group B" above). 

 

3.3.3.3 Impact of Dexamethasone on Animal Integrity 

Unfortunately, several of the rats lost weight or died during the initial protein dynamic 

experiment. After reviewing the literature, we decided to investigate whether the 

dexamethasone could be causing the adverse effects.  

 

Rats were divided into 2 groups, with 3 rats per group. One group was administered 

dexamethasone 4mg/kg for 2 days, and the same dose of was administered for 10 days to 

the second group. Rats were weighed daily. 
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3.3.3.4 Impact of Dexamethasone on HSP70 Statement 

Rats were divided into 6 groups, with 3 rats per group. The groups were 

(1) no dexamethasone; (2) dexamethasone for 2 days (3) dexamethasone for 4 days, rats 

were sacrificed at 4 days and 7 days. 2 control rats were untreated. Rat weights were 

recorded daily. Protein levels of HSP70 were determined using Western blot. 

 

3.3.3.5 Long term Effects of Virus Administration on Saliva Flow. 

Rats were divided into 3 experimental groups. 1) Controls (3 rats), 2) Administration of 

AdHSP70 (6 rats), 3) Administration of AdGFP. Virus was administered as described 

above. Two months following viral treatment functional studies were performed as 

described above. 

 

3.3.3.6 Determination of Radioprotection from Virus Administration 

Animals were divided into 5 groups. 1) Control (3 rats); 2) AdHSP70 only – 6 rats;  

3) AdHSP70 and radiation – 4 days after virus administration (10 rats); 4) AdGFP and 

radiation – 4 days after virus administration (10 rats) 5) Radiation only (4 rats). Viral 

administration and radiation were performed as described above. 2 months following 

radiation functional studies were performed described above.  
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3.3.4 Customized cDNA Array 

In order to understand the inherent protective mechanisms (that were naturally enhanced 

via Heat Acclimation) in salivary glands against radiation damage (the cross-tolerance 

phenomena observed), the genomic response using a customized cDNA array containing 

specific genes associated with stresses including radiation damage was examined. This 

approach allowed simultaneous examination of a large battery of genes (Hackl et al. 2004). 

We aimed to identify the genes involved in the protective model we developed, and 

furthermore to illuminate the mechanism of cellular responses to ionizing radiation. Studies 

have been performed in our laboratory where genes involved in heat acclimation in various 

tissues were compared (Horowitz et al. 2004). Furthermore, we wanted to compare the 

genomic changes after viral treatment to those following acclimation with and without 

radiation. 

 

3.3.4.1 Rationale for Gene Selection 

As discussed in the introduction, the extreme radiosensitivity of the salivary glands is 

enigmatic, and 5 main hypotheses have been put forward to explain the extreme damage 

from radiation. They are I-apoptosis, II- gland granules leak and reactive metal ions cause 

DNA damage, III- reactive oxygen species/free radical damage, IV- essential cellular 

functions disrupted including repair and cell division, V- endothelium is damaged first. The 

genes we selected for our array are involved in these processes. Many genes are involved in 

more than one process.  
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Table 3.2 Genes Selected for Inclusion in Customized cDNA Array Arranged According to 

Radiation Damage Hypothesis I-IV 

Hypothesis I Apoptosis  Hypothesis II Granules and DNA damage  

Apoptosis 
Anti-
Apoptosis 

Pro-
Apoptosis 

regulation of  
nucleic acid 
metabolism 

 
DNA Damage 
response 

Ion transport 

HSP60 HSP27 BRCA1 HIF CACH MEIONE CACH 

HIF NUCLEO GAL SOD2 HSF HO CACHB 

SOD1 GSTP BCL2 BRCA TRISOM BRCA ATPASEB 

GAPDH MORTAL HO NUCLEO CFOS NUCLEO CJUN 

  VEGF IGF RNR CJUN DNAJ NADH 

Hypothesis III ROS      

Oxidative 
stress 

Removal of 
superoxide 

radicals 
     

GST SOD1      

MT SOD2        

Hypothesis IV - disruption of essential cellular functions  

Fatty acid 
Degradation/ 
Glycolysis 

Macro- molecule 
Metabolism 

Regulation of 
Transcription 

Response 
to stress 

response to 
biotic 

stimulus 
Development 

TRISOM HIP  HIF HIF SOD2 HIF 

homeostasis BRCA ACTIN SOD2 HO RNR BRCA 

HIF HSP27 TRISOM BRCA BRCA GAL NUCLEO 

CACH NUCLEO SOD1 NUCLEO HSP27 HSF IGF 

MT DNAJ ACTINB RNR NUCLEO BAD RNR 

BAD HSP60 BAD CACH DNAJ CFOS GAL 

Receptor 
Signaling 

HSP90B CFOS HSF HSP60 GSTP GSTP 

BRCA GAPDH CJUN CFOS HSP90B  SOD1 

DNAj MORTAL HSPB CJUN SOD1  VEGF 

Cell 
Proliferation 

Unfolded Protein 
Response 

Protein 
Folding 

VEGF  ACTINB 

NUCLEO HSP27    CJUN  BAD 

GAL DNAJ HSP90B HIP    CFOS 

HSF HSP60 HSPB MORTAL HSPB   HSPB 

 

3.3.4.2 Preparation of PCR Fragments for Array printing 

Handling of all the RNA samples was performed in such a way as to minimize the activity 

of RNAses, (enzymes that degrade RNA). In order to achieve this, all solutions were 

prepared with DEPC treated water, disposable, sterile equipment was used, and all work 

surfaces were cleaned with RNAse ZAP (Molecular BioProducts Ca USA). Gloves were 

changed frequently. 
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3.3.4.2.1 RNA Isolation 

Following sacrifice of the animals (as described), tissues were homogenized using a hand 

homogenizer (kinematika, Lucerne, Switzerland) in 1ml of TRI-Reagent (Molecular 

Center, Cincinnati, OH, USA). RNA was purified from a pool of rat tissues including: 

salivary glands, heart, lung, liver, kidney and brain, following the standard protocol. A 

tissue pool was used due to the fact that it was unknown which of the selected genes would 

be expressed in salivary glands, and a pool facilitated a higher chance of obtaining 

fragments for all the selected genes. A single phase solution of Phenol and Guanidine 

Isothiocynate was added to the tissue TRI-reagent mixture, mixed then stored at room 

temperature for 5 minutes. The mixture was then centrifuged for 5 minutes at 1200g and 

4
o
C. The upper aqueous phase was transferred to another sterile eppendorf and 0.2ml of 

chloroform was added (Protrom Chemicals, Haifa, Israel). After remaining at room 

temperature for 10 minutes, the mixture was centrifuged for 15 minutes at 1200g and 4 oC. 

These procedures cause the mixture to separate into 3 phases, the upper aqueous phase, 

containing the RNA was transferred to a new sterile eppendorf, where precipitation was 

performed by adding 0.5ml Isopropanol (Protrom Chemicals, Haifa, Israel). After 

remaining at room temperature for 5 minutes, the mixture was centrifuged for 15 minutes at 

1200g and 4 oC. Following removal from the centrifuge, the supernatant was discarded and 

the pellet at the base of the test tube washed three times with 70% ethanol by mixing well 

then centrifuging for 10 minutes at 1200g and 4
 o

C. The ethanol was disposed of, and the 

eppendorf was left open to allow evaporation of the remaining alcohol (approximately 15 

minutes at room temperature), covered with clean tissue paper. DEPC treated DDW 

(Biological Industries, Kibbutz Beit Haemek, Israel) was used to dissolve the pellet. 

 

3.3.4.2.2 Quantification of RNA 

In order to determine the quantity/concentration of RNA the optical density was measured 

at 260nm (1 O.D. at 260nm is equivalent to a concentration of 40 µg/ml), using a 

spectrophotometer (Nano-Drop, NP-1000).  

 

3.3.4.2.3 RNA Quality 

The quality of RNA was determined by running a sample on a 1% agarose gel (Promega, 

Madison, WI) using electrophoresis in TAEx1 buffer (Tris-Acetate EDTA) containing 

6.5M Tris. 0.25M Glacial Acetic Acid, 0.05M EDTA at a pH=8.0. Following 
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electrophoresis the gel was stained using Ethidium Bromide that binds to nucleotides (both 

DNA and RNA). After rinsing the gel, it was photographed to ensure that there was no 

DNA contamination of the samples. 

 

3.3.4.3 cDNA Formation Using Reverse Transcriptase  

Reverse transcriptase PCR was performed on DNAse treated RNA to form double stranded 

cDNA. cDNA synthesis was achieved using a commercial kit, (RevertAidTM, Fermentas), 

in the presence of 1µl Oligo(dT)18, 10µl sterile DEPC treated DDW, and 1µg of RNA from 

each sample, 1µl M-MLV (moloney murine leukemia virus reverse transcriptase) 2µl 

dNTP Mix 10mM, 4µl Reaction buffer and 1µl RNasin (Ribonuclease inhibitor) . 

Oligo(dT)18, contains a sequence from the promoter of T7 RNA, attaches to the 3' end of 

the RNA to facilitate reverse transcription of the first cDNA strand and then transcription 

of the complementary strand.  

 

3.3.4.4 PCRs for Fragment Preparation 

The cDNA was used for PCRs using conditions suitable for each primer pair to prepare the 

fragments. Two PCR reactions were performed, the first to determine whether the fragment 

was present in a total volume of 25µl. The primer pairs used to prepare the fragments are 

found in table 3.4. 

 

3.3.4.4.1 PCR Program 1 

1) 96.0 oC for 2 minutes; 2) 94.0 oC for 1 minute; 3) 54.0 oC for 30 seconds; 4) 72.0 oC for 

45 seconds; 5) return to 2) 35 times, (i.e. 35 cycles); 6) 72.0 
o
C for 3 minutes; 7) remain at 

15 
o
C.  

 

For most of the genes this program was used. (For HSP90B, ACHR, HSP47, IP3 and HIF-1 

– step 3 was changed to 60.0oC for 30 seconds, for PYY and CJUN the number of cycles 

was increased to 40). 
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3.3.4.4.2 Determination of Fragment Size 

Following the first PCR reaction the entire volume (25µl) was run on a 2% agarose gel, 

stained with ethidium bromide, then photographed. If the fragments were the predicted size 

they were removed from the gel.  

 

3.3.4.4.3 Fragment Removal from Agarose Gel 

Using a UV light to allow visualization, the fragments were cut from the gel using a 

scalpel. The agarose block was sliced into small pieces, placed into 500µl of TAE solution 

in an eppendorf and rotated in a hybridization oven for 1 hour at 42 oC. Samples were then 

centrifuged for 1 minute at 12,000g.  

 

3.3.4.4.4 PCR Program 2 

An aliquot of 5µl from the above mixture was placed into the second PCR reaction, which 

was performed in a total volume of 100µl. The conditions for the second PCR reaction 

were: 1) 96.0 oC for 1 minute: 2) 94.0 oC for 45 seconds; 3) 60.0 oC for 30 seconds;  

4) 72.0oC for 45 seconds; 5) return to 2) 35 times, (i.e. 35 cycles); 6) 72.0 oC for 5 minutes; 

7) Remain at 15 oC. 

 

3.3.4.4.5 Reconfirmation of Fragment Size and Purity 

A 2-3µl sample from the second PCR was run on an agarose gel, to reconfirm fragment 

size, and the presence of only one product. The PCR products were stored for concentration 

when there was one specific band seen. Concentration of each gene was read using (Nano-

Drop, NP-1000) at a wavelength of 260nm. The fragments (were centrifuged under vacuum 

at 60 
o
C for 45 minutes. DDW was added so that the final concentration of each fragment 

was 1.1ng/nl. A library of the fragments was also created, by placing 1µl of each into 49µl 

of TE (TRIS 10mM pH=8, 1mM EDTA). This was stored at -80
 o

C.  

 

3.3.4.5 cDNA Array Printing 

The customized cDNA array included a DNA frame for normalization. Generally the 

concentration used for printing the DNA frame is such that the intensity of the spots seen is 

similar to that expected from the genes in the array. Due to the fact that (to our knowledge) 

the salivary glands have never been screened in this manner, with these genes, we printed 3 

different DNA concentrations in the frame to allow normalization following hybridization. 
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The customized arrays were printed on GeneScreen PlusR hybridization transfer 

membranes (Saifan precision instruments Ltd.). Below is the order the genes were printed 

on the membrane. The genes highlighted in yellow were unexpressed (see array results for 

further details). 

 

Table 3.3 Arrangement of Genes on the Membranes 

 

3.3.4.6 Experimental Paradigm -  cDNA Array  

In order to determine the genomic changes caused by Heat Acclimation, Radiation and 

Combined Heat Acclimation and Radiation, as well as changes in gene expression cased by 

the administration of AdHSP70 and AdGFP with and without radiation the animals were 

divided into the following groups: 1) controls – no treatment; 2) Heat Acclimation (Acc) 

t0; 3) Acc t24; 4) Radiation (Rad) t0; 5) Rad t24; 6) Acc + Rad t0; 7) Acc + Rad t24; 8) 

controls –dexamethasone for 2 days; 9) AdHSP70 t0; 10) AdHSP70 t24; 11) AdGFP t0; 

12) AdGFP t24; 13) AdHSP70 + Rad t0; 14) AdHSP70 + Rad t24; 15) AdGFP + Rad t0; 

16) AdGFP + Rad t24. 

 

Furthermore, the long-term genomic changes, following acclimation (Acc) and of the 

protected animals (Acc + Rad) and damaged (Rad) glands were investigated using 3 

additional treatment groups: 17) one month after treatment Acc; 18) one month after 

treatment Rad; 19) one month after treatment Acc + Rad. 

 

3.3.4.6.1 Gland removal, RNA Isolation & Quantification and RNA Quality  

All methods have been described above. Briefly, animals were anesthetized, the 

submandibular glands removed (as previously described) at the appropriate times following 

HSP90A HSP60 PYY C JUN HO CYP450 ACTIN ATAXIA 2 K Ch TRISOM 

HSP90B HIP 1P3 JUN B VEGF BCLXL ACTIN B MEIONE IGF 

 

GAL 

HSP47 HOP NADH DIAICASP 9  CFOS1 GF GSTP Ca ch A NUCLEO   

HSP27 HSF MDM2 CASP 3 PKA ACHR RNR1 Ca ch B GST   

HSPB  DNA J SOD1 BRCA 1 GAPDH MT Sod Ch ATPase B   

HSP70 HIF C FOS SOD2 BAD MORTAL   ubiquitin   



 45

the specific treatments, the animals were then sacrificed with an anesthetic overdose. TRI-

reagent was used for RNA purification from the gland samples (as for the pooled tissues 

described above). The RNA concentration was determined using a spectrophotometer, and 

the RNA samples were run on agarose to detect DNA contamination. 

 

3.3.4.6.2 Radioactive Labeling 

The RNA samples were labeled by reverse transcription at 42oC with 32PdATP (Amersham 

Biosciences, Buckinghamshire, UK) in a primer mix (Clontech). The following reagents 

were used, amounts listed are per sample 5x reaction buffer 2µl, 10x dNTP mix 1µl, DTT 

0.5µl, P32 2µl, RT 1µl, RNAse 0.8µl,  

 

Preparation for PCR-5µg RNA sample (sample maximum volume 4µl) plus 1 µl CDS 

primers. The sample and the primers were heated at 70oC for 3 minutes, the mixture 

detailed above was then added to each sample. The following was the protocol used for the 

radioactive labeling of the samples: 37
o
C 5 min; 42

o
C 45 min; 70

 o
C 10 min. 

 

The reaction was terminated by adding 0.1 M EDTA and 1 mg/ml glycogen (Sigma), and 

the samples were kept on ice (4 oC). The unincorporated 32P-labeled nucleotides were 

removed using Nucleo-Spin extraction columns (Clontech). 

 

3.3.4.6.3 Determination of Sample Radioactivity 

A small piece of absorbent paper was placed into a test-tube then 1µl of each sample was 

placed onto the paper using a pipette. The rest of sample was stored at -20
o
C. 4ml 

scintillation liquid was added to the test-tube. The cpm-beta of each sample was 

determined. Samples with a count of at least one million were used for hybridizing with the 

membrane. 

 

3.3.4.6.4 Hybridization Procedure 

The samples were removed from the freezer. 50 µl of DNA speren per membrane was 

heated at 98
o
C for 5 minutes. Each membrane was wet with sterile water, and placed in the 

hybridization tube, ensuring it adhered to the walls of the tube. 5 ml ExpressHyb 

(Clontech) and 50 µl (0.1 mg/ml) sheared salmon testes DNA (Sigma) was then added to 

each hybridization tube to block nonspecific binding. The tubes were placed symmetrically 
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in the oven and spun for 30 minutes. To each (radioactive) sample 11µl of denaturing 

buffer was added, and the samples were placed in the oven for 20 minutes. Then add 115 µl 

Neutralizing solution + 5 µl Cot-1 DNA (Clontech) was added to the samples and they 

were placed in the oven for another 10 minutes. The samples were then added to the center 

of the hybridization tubes. The tubes remained in the oven at 68
 o
C overnight. 

 

The solutions for the rinsing procedure performed the following day were prepared as 

follows. Stock: SDS 10%, SCCx20. Solution 1: SDS 1%, SCCx2. A volume of 50ml per 

sample per wash is needed, each was sample washed 3 times for 30 minutes. Solution 2: 

SDS 0.5%, SCCx0.1. A volume of 50ml per sample per was needed. Solution 3: SCCx2. A 

volume of 50ml per sample is needed. Following the 5 washes listed above, the membranes 

are placed on damp filter paper and sealed in plastic.  

 

The membranes (sealed in plastic) were then placed on a phosphorscreen, and left for 3 

hours. The image was detected using a Bio-imaging Analyser BAS2000 (Fuji Photo Film). 

The image was then erased phosphoimage plate by exposure to fluorescent light for at least 

30 minutes. This procedure was repeated such that there were exposure times of 8, 16 and 

20 hours for all samples.  

 

3.3.4.7 Image and Data Analysis  

Initial image analysis was performed using VisualGrid(R) (Implemented by Markus 

Kietzmann with contributions from David Bancroft and Igor Ivanov. Copyrighted and 

Licensed by GPC Biotech AG 1998 – 2000). The Phamacogenetic Unit of the Israeli 

National Knowledge Center for Gene Therapy of the Israeli Ministry of Science at Goldyne 

Savad Institute of Gene Therapy printed the cDNA fragments onto the nylon arrays i.e. 

printed our customized cDNA array. They also provided assistance regarding array 

analysis. The data generated by the visual grid program was further processes using a 

Matlab program written a member of the Phamacogenetic Unit. The program was designed 

to normalize the data to the DNA frame such that the membranes could be compared. 

Subsequent analysis was performed using Microsoft excel.  

 

Once the data was in excel each membrane was re-examined to check that each data point 

that was assigned a numerical value was in fact a real point, thus the threshold specific to 
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each membrane was determined. The numbers were converted to log base 2 then averaged. 

Log base 2 treatment minus log base 2 control was used to compare the results to the 

controls. Some genes did not appear in the controls but expression was found following 

treatments. For those genes a control value lower than the smallest value of the treatment 

group was selected and used, the numbers were processed as above i.e. treatment-control to 

give the change. The numbers were then multiplied by 2 to give the fold change following 

treatment. Fold changes of less than 1.5 were considered insignificant. 

 

3.3.4.7.2 Gene Clustering 

In order to organize the significantly altered genes, we used the ScoreGenes Package 

Pcluster (http://compbio.cs.huji.ac.il/scoregenes). This package groups the genes according 

to mutual behavior. Using the program Tree-view, a visual pellet can be made from the 

clustered results. 

 

3.3.5 Statistical Analysis 

Statview for Windows, SAS Institute Inc, version 5.0.1 was used for all statistical analysis. 

MANOVA and post-hoc tests (Fisher’s PLSD) were applied. Independent variables were 

Acc and radiation. The animals were assumed to be random samples from the population 

and comparisons were made with matched control groups. All data is presented with 

standard errors, p<0.01 was considered statistically significant. 
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Table 3.4 Primer Pairs for Array Fragments 

Gene Name Sense Antisense 

acetylcholine receptor epsilon TGGCTTGGTGCTACTCGCTTACTTC GGCGTTCGCAAAGATACGTTGAGC 

actin, alpha 1, skeletal muscle TGACCACAGCTGAACGTGAGATTG CCCGCAGACTCCATACCGATAAAG 

cytoplasmic beta-actin CCCTCTGAACCCTAAGGCCAACCG GTGGTGGTGAAGCTGTAGCCACGC 

ataxia telangiectasia mutated (includes complementation 
groups A, C and D)sense 

GGCATGGGCATTACGGGTGTTGAAGG GGGTGAAGCTCAGTTTCATCTTCCGG 

ATPase, Cu++ transporting, beta polypeptide (same as 
Wilson disease) 

TGGGTGGGTGGTACTTCTATGTCC GGGCGATGAAGACGAAGAGCATGG 

bcl-2 associated death agonist CTGGGACTATGGAGACCCGGAGTC TTTGTCGCATCTGTGTTGCAGTGCC 

Bcl2-associated X protein TGATTGCTGACGTGGACACGGACTC GCCACAAAGATGGTCACTGTCTGCC 

Breast cancer 1 CAACTTAACAGGGCGGTCTTGCTTG GGCTTTATCTTGCTCACAATTTCTACC 

Calcium channel alpha 1A CGGCCGCATTCACTATAAGGACATG GGTGTGACCAGCAGATCCAAGGTC 

calcium channel beta 1 subunit CTGGGTGTGGAGACCATGAGACC CTACAGGGATGCCGAGGCTAAGG 

Caspase 3, apoptosis related cysteine protease (ICE-like 
cysteine protease) 

AGGCGACTACTGCCGGAGTCTGAC GCAAAGTGACTGGATGAACCATGACC 

caspase 9 CACTGCCTCATCATCAACAACGTG TGAGAGAGGATGACCACCACGAAG 

c-fos proto-oncogene TCTGCGTTGCAGACCGAGATTGCC CCAAGGATGGCTTGGGCTCAGGGT 

mitogen-activated protein kinase 8 (MAPK8; PRKM8); c-
jun N-terminal kinase 1 (JNK1); stress-activated protein 
kinase gamma (SAPK-gamma) 

TCGGAACACCTTGTCCTGAATTCATG GAAGGATCATACCAGACGTTGATGTAC 

Cytochrom P450 (cholesterol hydroxylase 7 alpha) CTGCCGGTACTAGACAGCATCATC TTGGACGGCAAAGAGTCTTCCAGG 

DnaJ-like protein TCTACTCTTGACAACCGAACCATAGTC CACCAGTTCTACCTGATCCATTTCATC 

galanin AGCGACAAGCATGGCCTCACAGGC GTGGGTGTGGTCTCAGGACTGCTC 

Glyceraldehyde-3-phosphate dehydrogenase TGTCAACGGATTTGGCCGTATTGGC GAAGACGCCAGTAGACTCCACGAC 

microsomal glutathione S-transferase 1 (MGST1); 
GST12 

TTTGCCAACCCGGAAGACTGTGCTG CAAGTAAGCAATGGTGTGGTAGATCCG 

glutathione S-transferase, pi 2 GATGGGGTGGAGGACCTTCGATGC CTGAGGCGAGCCACATAGGCAGAG 

hypoxia inducible factor 1, alpha subunit CGACAAGCTTAAGAAAGAGCCCGA CAATGCAACCTCTTGGTTCAGTGC 

suppression of tumorigenicity 13 (colon carcinoma) 
HSP70-interacting protein 

CATGCAGGATCCAGAAGTCATGGTG CTGGTGAGGTCAGAGGTACACTGG 

Heme oxygenase TCTCCACGAGGTGGGAGGTACTC GTTCATGCGAGCACGATAGAGCTG 

HSP70/HSP90-organizing protein (HOP); p60 protein CAGCTAGAGCCAACCTTCATCAAGG TTTCACATCCTCAGGGCTATCATGTC 

heat shock transcription factor 1 TCGGTGACCATGCCCGACATGAG CAGTTCACTGCTCCCTGTGTCCAC 

Heat shock 27 kDa protein ACGTCAACCACTTCGCTCCTGAGG CTTGGCTCCAGACTGTTCCGACTC 

serine proteinase inhibitor, clade H (heat shock protein 
47), member 1 

TCCGTGAGCTTCGCCGATGACTTC CCAGTGCGGCTTAAAGAACATGGC 

heat shock protein 60 (liver) TCTTCAGGTTGTAGCAGTCAAAGCTC GAGTTTAGCAAGTCGCTCGTTCAGC 

heat shock 70-kDa protein (HSP70) GACGCGGCCAAGAACCAGGTGG CGAGTCGTTGAAGTAGGCGGGCAC 

heat shock 90-kDa protein A (HSP90A; HSPCA); HSP86 
[rat homolog of human] 

GCCAAGTCTGGGACCAAAGCGTTCAT GTGTCTGTCCTCACTGTGAATGATCCC 

heat shock 90-kDa protein beta (HSP90-beta); HSP84; 
HSPCB 

ATTATGAAGGCCCAGGCACTGCGG GCCTAGTTTAATCATGCGGTAGATGCG 

HSPB2 TCCAGGCATTTCTGGATGTGAGCC GCGGTGCCTCCAAGTTAAGGATGC 
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Table 3.4 Primer Pairs for Array Fragments (Continued) 

Gene Name Sense Antisense 

Insulin-like growth factor-binding protein (IGF-BP3) GGAGACAGAATATGGTCCCTGCCG AGCGGTATCTACTGGCTCTGCACG 

Inositol 1, 4, 5-triphosphate receptor 3 GAACCACTGCTATGTAGACACGGAG GTCTGATGCGTCTGTAGGGATGTGC 

jun B proto-oncogene TTCGGGTCAGGGATCAGACACAGG CAGGGCTTTGACAAAACCGTCCGC 

potassium inwardly-rectifying channel, subfamily J, 
member 11 

AGGTCCAGGTGACCATTGGTTTCG GATCACGGCATGCTTGCTGAAGATG 

MDM2 
GGAGATATGTTGTGAAAGAAGCAGTAGC GAAGTGCATTTCCAATAGTCAGCTAAGG 

meiotic recombination 11 homolog A (S. cerevisiae) 
mre11 sense 

GGATGACTTCATCGACCTCGTTATCTG CACTGTCAAGCATTTCTTCAATCTTCTC 

mitochondrial stress-70 protein precursor (MTHSP70); 
75-kDa glucose-regulated protein (GRP75); peptide-

binding protein 74 (PBP74); mortalin; HSPA9 

CTGGTGATGTTACAGATGTGCTACTC ACTGTCCTAGAAGTTTGTTGTCTCCG 

metallothionein 1 TTGTCGCTTACACCGTTGCTCCAG CGAGGCACCTTTGCAGACACAGC 

NADH-cytochrome b5 reductase; DIA1 CCCAATGGGCTACTGGTCTACCAG GAAGAATGTTCGTTCCTCAGTTCCTC 

Nucleoplasmin-related protein (Nuclear protein B23 CCTAGCTCTGTAGAAGACATTAAGGC ACAACACATTCTTGGCAATTGAACCTG 

stress activated protein kinase alpha II TGATCAGCGAGAGCCTTTAATGAGTG GTCCTGTCACTCTATTTCGAGTCTTG 

peptide YY precursor (PYY) GGAGCTGAGCCGCTACTATGCTTC ATGCAAGTGAAGTCGGTGTAGTTAGC 

nuclear receptor (RNR-1) ATCATCAGAGGGTGGGCAGAGAAG GCAGGAGAAGGCAGAAATGTCGAT 

Superoxide dimutase 1, soluble TGAAGGCGAGCATGGGTTCCATGTC GCCCAAGTCATCTTGTTTCTCGTGG 

Superoxide dimutase 2, mitochondrial CGCGACCTACGTGAACAATCTGAAC CTTGATAGCCTCCAGCAACTCTCC 

sodium channel SHRSPHD, beta subunit, epithelial GGTGCAAAGTGGCCATGAGGCTG GGGCTCCGTTCCAAACAGACAGG 

Triosephosphate isomerase 1 GGAAACTCACAGCTGGACACAGGA ACACAATACAAGGGCTTCGGCACT 

ubiquitin conjugating enzyme 
TCATGCAGTGGAACGCAGTTATATTTGG AGAGACTGAATTGAAGTTAAGATGGAGG 

vascular endothelial growth factor ACCTCCACCATGCCAAGTGGTCCC GTGAGGTTTGATCCGCATGATCTGC 
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4. Results 

4.1 Heat Acclimation Mediated Cross-tolerance 

4.1.1 Long term Effects of Heat Acclimation on Saliva Flow 
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Fig. 4.1. Long term Effects of Heat Acclimation on Submandibular Saliva Flow. Saliva was collected 4, 6 and 8 

weeks after treatment. Treatment groups: Control- non-acclimated, maintained under normothermic conditions 

(24
o
C) and Acc -Heat Acclimation (30 day exposure to 34

o
C). Values are average ± S.E.  

   

From the graph above it is clear that there are no significant differences in the amount of 

saliva produced by acclimated and control animals.  

 

4.1.2 Salivary Gland Function Following Acclimation, Radiation and Acclimation + 

Radiation – Cross-tolerance 
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Fig. 4.2. Heat Acclimation Mediated Cross-tolerance Prevents Radiation Damage to the Salivary Glands. Saliva 

was collected 4, 6 and 8 weeks after treatment. Values are average ± S.E. Treatment groups: Control- control, 

Acc -Heat Acclimation, Rad- Radiation, animals maintained under normothermic conditions, exposed to a single 

dose of 15Gy to the head and neck area, Acc + Rad -Heat Acclimated animals radiated as described for Rad. For 

other abbreviations and experimental conditions see Fig. 4.1. *denotes significant difference between Radiation 

and Control, Acc, Acc + Rad  (p<0.01).    

 

When examining the graph above we can see several important features. Firstly, radiation 

caused a significant, long lasting decrease in saliva flow. Significant differences in saliva 

output can be seen between the Rad and Control groups, as well as between the Rad and 

Acc + Rad groups, at all times. The cross-tolerance a phenomenon is demonstrated as 

saliva output is not significantly different to control levels when heat acclimation precedes 

radiation (no significant differences between Control and Acc + Rad). 

*
* *
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4.2 Protein Dynamics HSP25, HSP70 and HSP90  

Protein levels were measured immediately (t=0), 24 hours (t=24), 50 hours (t=50), and 98 

hours (t=98) after exposure to acclimation, radiation or acclimation + radiation. 

 

4.2.1 HSP25 Dynamics 
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Fig. 4.3. HSP25 Dynamics in the Parotid Gland. See legend Fig. 4.2. for treatment group abbreviations. Protein 

levels were determined immediately (t=0), 24 hours (t=24), 50 hours (t=50) and 98 hours (t=98) after various 

treatments. Values are average ± S.E.  Symbols represent significant differences (p<0.01). * different to 

controls, Ψ different to Rad, γ different to Acc + Rad at t=50 
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Fig. 4.4. HSP25 Dynamics in Submandibular Gland. See Fig. legend. 4.2. for treatment group abbreviations. 

Protein levels were determined as outlined in Fig. legend 4.3. Values are average ± S.E. Symbols represent 

significant differences (p<0.01) and are as Fig. legend 4.3. and θ greater than Rad at t=50.  

 

HSP25 behaved in a site and treatment specific manner. In the parotid, acclimation caused 

a delayed and sustained increase. In the submandibular gland acclimation did not cause any 

significant changes, and the combination of acclimation and radiation caused levels to 

increase immediately then no significant changes were seen, the fluctuations in HSP25 

levels caused by radiation were significant. 
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4.2.2 HSP70 Dynamics 
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Fig. 4.5. HSP70 Dynamics in Parotid Gland. See Fig. legend. 4.2. for treatment group abbreviations. Protein 

levels were determined as outlined in Fig. legend 4.3. Symbols represent significant differences (p<0.01) and 

are as Fig. legend 4.3.  and # different to Acc,  φ  greater than radiated at all other time points, ω different to 

Acc at t=0.  
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Fig. 4.6. HSP70 Dynamics in Submandibular Gland. See Fig. legend. 4.2. for treatment group abbreviations. 

Protein levels were determined as outlined in Fig. legend 4.3. Symbols represent significant differences 

(p<0.01) and are as Fig. legend 4.3. and θ greater than radiation at t=0 and t=50, γ denotes significantly 

different to Acc + Rad at t=0.  

 

HSP70 behaved similarly in both the parotid and submandibular tissues, acclimation 

caused increased levels at all times as did acclimation + radiation. In the parotid gland 

radiation caused HSP70 levels to decrease, with significant fluctuations. In the 

submandibular gland the levels of this protein also fluctuated, with levels higher than 

controls at t=24 and t=98 and lower at t=0 and t=50. 
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4.2.3 HSP90 Dynamics 
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Fig. 4.7. HSP90 Dynamics in Parotid Gland. See Fig. legend. 4.2. for treatment group abbreviations. Protein 

levels were determined as outlined in Fig. legend 4.3. Symbols represent significant differences (p<0.01) and 

are as Fig. legend 4.3.  
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Fig. 4.8. HSP90 Dynamics in Submandibular Gland. See Fig. legend. 4.2. for treatment group abbreviations. 

Protein levels were determined as outlined in Fig. legend 4.3. Symbols represent significant differences 

(p<0.01) and are as Fig. legend 4.3 and ω different to Acc t=24. 

 

HSP90 behaved in a site and treatment specific manner. In the parotid gland acclimation 

increased HSP90 at all times, and radiation produced no significant effects. In the 

submandibular gland the fluctuations following acclimation were significant. At t=0 Acc + 

Rad increased levels of HSP90, the differences at the other time points were insignificant. 

HSP90 levels were highest in the radiation group at all time points. 

 

To summarize the protein kinetics experiments, HSP25 and HSP90 increased/decreased in 

response to the stresses in a tissue and treatment specific manner. In contrast, HSP70 

behaved similarly in both tissues, and this may signify its central role in protection. 
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4.3 Construction of the Recombinant Adenoviral Vector 

The vector was constructed using a first generation type 5 adenovirus backbone into which 

the gene of interest (HSP70) was inserted, regulated by a CMV promoter, with a reporter 

gene encoding Green Fluorescent Protein (GFP), regulated by a second CMV promoter.  

 

4.3.1 Restriction Enzyme Analysis of Clones 

The plasmid cut with BgIII and a fragment of 500bp (as expected) was found. 

 

4.3.2 HSP70 Statement in 293T Cells 

In order to be certain that the plasmid pAdTrackHSP70 could increase levels of HSP70 in 

vitro, 293T cells were transfected and protein levels measured using Western blot.  

 

 

 

 

Fig. 4.9. HSP70 Statement in 293T cells following plasmid transfection. 

Lane 1- Positive control HSP70. Lane 2- Control 293T cells  

Lanes 3-6 – 293T cells transfected with pAdTrackHSP70. 

 

From the figure above, in lanes 3-6 we can see that the plasmid increased levels of HSP70. 

 

4.3.3 Homologous Recombination- Identification of Colonies  

A fragment of 524bp from the first reaction (primers P5 and P10) was present and there 

was no fragment (of 867bp) from the second reaction (primers P9 and P10) – this allowed 

the identification of colonies where homologous recombination occurred.  

 

 

 

 

 

 

 

 

 

1         2                  3         4                   5            6   
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4.3.4 Endonuclease Digestion 

In order to confirm the presence of desired plasmids the clones were tested by restriction 

endonuclease digestions with PacI and BamHI. 

 

Fig. 4.10.  Endonuclease Digestion of Plasmids. Lanes 1,4 pAdEasy control, Lanes 2,5  pAdTrack control, 

Lanes 3, 6 pTrackHSP70. Digestion with BamHI (lanes 1-3), PacI (lanes 4-6). * indicates diagnostic 

fragments obtained with each enzyme. 

 

4.3.5 Presence of Replication Competent Adenoviruses 

Using nested PCR we found no evidence of replication competent adenoviruses. 

 

4.3.6 Viral Titer  

The viral titer was established as 1.25x107 infectious units/ml. (Infectious units are those 

resulting in GFP expression). 

 

 

 

 

Fig. 4.11. Structure of the recombinant adenoviral vector AdHSP70 – based Adenovirus  type 5 (Ad5) 

backbone, with deletions (∆) of E1 and E3. Contains the immediate-early CMV promoter, the gene 

encoding HSP70 (black) with a polyadenylation site (A) from SV40, another CMV promoter and the 

gene encoding Green Fluorescent Protein (GFP), with a polyadenylation site (A). LITR= Left hand 

Inverted Terminal Repeat (ITR) and packaging signal, RITR= Right hand ITR. 

 

 

 

A GFP HSP70 LITR ∆∆∆∆E1 Ad5  RITR CMV CMV A ∆∆∆∆E3 
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4.4 In vitro Administration of AdHSP70 

4.4.1 Dose Response 

As demonstrated in Fig. 4.12 below, in the A5 cell line, background levels of HSP70 were 

undetectable (lane 1. Control), and remained undetectable when these cells were exposed to 

AdGFP. Increasing amounts of HSP70 protein was measured when higher Transducing 

Units (TU) were used. 

 

 

Similarly, the HSP70 levels in the HSG cells (Fig. 4.13 below) also increased when higher 

TU were used. However, the background levels of HSP70 were higher in this cell type. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.12. Dose Response A5 cells. Lane 1. Control, lane 2. AdGFP.  
Lanes 3-6 increasing transducing units AdHSP70, 12500TU, 25000TU, 62500TU & 125000 TU 

      1  2          3      4  5  6 

Fig. 4.13. Dose Response HSG cells Lane 1. Control, lane 2. AdGFP.  

Lanes 3-6 increasing transducing units AdHSP70, 12500TU, 25000TU, 62500TU & 125000TU 

1  2          3      4  5  6 
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4.4.2 HSP70 Dynamics Following Infection of A5 and HSG Cells with AdHSP70 
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Fig. 4.14. HSP70 Protein Dynamics in A5 Cells. HSP70 levels were measured 1, 2, 3 and 4 days after 

infection with 2 viral titers 62500 TU and 125000 TU. 
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Fig. 4.15. HSP70 Protein Dynamics in HSG Cells. HSP70 levels were measured 1, 2, 3 and 4 days after 

infection with 2 viral titers 62500 TU and 12500 TU. 

 

From the protein dynamics figures 4.14 and 4.15 above, in both the A5 and HSG cell line, 

the trend was for greater levels of HSP70 to be detected when the cells were exposed to 

higher transducing units of AdHSP70; an increase in HSP70 is noted over time in the HSG 

cells whereas in the A5 cells maximum levels were found on day 3. By the fourth day, the 

plates with A5 cells, which divide more rapidly than the HSG cells were too full, and many 

cells were dead; this could explain the drop in HSP70 levels. 

 

Interestingly, the small difference in the amount of HSP70 detected between the different 

TU used in the HSG cells could be explained by viral replication. Using an adenoviral 

vector encoding luciferase, it has been demonstrated (Zheng and Baum 2002) that E1
-
 

recombinant adenoviral vectors can replicate in HSG cells, which provide the virus with 

transcomplementing functions.  
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4.5 In vivo Administration of AdHSP70 

4.5.1 Dose Response 
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Fig. 4.16. Dose Response to AdHSP70 in vivo. Increasing viral titers (a, b, c), and were administered to the right 

submandibular gland. Protein levels were determined 4 days after treatment.  Values are average ± S.E.   

SR cont = Right Submandibular gland of control animal. a = 62500 TU, b= 312500 TU and c= 625000 TU.  

* Denotes significantly greater than controls (p<0.01). 

 

The graph above details the HSP70 levels in the right submandibular glands, no virus was 

administered to the left glands, and the level of HSP70 in the left glands did not change 

significantly. Additionally, the administration of AdGFP did not alter levels of HSP70.  

 

4.5.2 Comparison of HSP70 Levels Following Acclimation and Viral Transfer 

From the Western blot below (Fig. 4.17), we can see that the HSP70 levels achieved by 

acclimation are the same as those achieved by virus administration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

   
Fig. 4.17. Comparison of HSP70 levels following Heat Acclimation 

and virus administration. Lanes 1-3 Acclimation.  

Lanes 4-6 AdHSP70, 312500 TU administered. 

 

1     2         3              4     5         6 
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4.5.3 HSP70 Protein Dynamics Following AdHSP70 administration 
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Fig. 4.18. Protein Dynamics following AdHSP70 in vivo. 312500 TU (dose b) of AdHSP70 was administered 

to the right submandibular gland. Protein levels were determined 2, 4, 7 and 10 days after treatment.  Values are 

average ± S.E.  SR cont = Right Submandibular gland of control animal. *Denotes significantly greater than 

controls (p<0.01). 

 

As is clear from the graph above, the HSP70 protein levels in the submandibular gland 

were highest 4 days following virus administration.  

 

Unfortunately the animals that were sacrificed at 7 and 10 days lost weight. As mentioned 

in the methods, we decided to examine whether the weight loss was caused by the 

administration of dexamethasone. 

 

4.5.4.1 Impact of Dexamethasone on Animal Integrity 

140

160

180

200

220

240

260

1 2 3 4 5 6 7 8 9 10

w
e
ig

h
t 

(g
)

Dex 10-1

Dex 10-2

Dex 10-3

Dex 2-1 

Dex 2-2

Dex 2-3

 

Fig. 4.19. Rat Weight Following Dexamethasone Administration. Weight in grams measured daily for 10 days. 

Dex 10-1, 2, 3 rats administered dexamethasone for 10 days. Dex 2-1, 2, 3 rats administered dexamethasone 

for 2 days. All animals were administered dexamethasone 4mg/kg. 

 

From the graph above, it is clear that dexamethasone causes weight loss in rats. The rats 

administered steroids for 10 days showed progressive weight loss. In contrast, the weight of 

the rats that were given dexamethasone for 2 days initially decreased then increased. 

* 



 60

 

4.5.4.2 Impact of Dexamethasone on HSP70 Statement 
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Fig. 4.20. Impact of Dexamethasone on HSP70 Statement. 312500 TU (dose b) of AdHSP70 was administered 

to the right submandibular gland.  HSP70 levels were measured 4 and 7 days post transfer. No dex= no 

dexamethasone administered, 2 days dex= dexamethasone administered for 2 days, 4 days dex= 

dexamethasone administered for 4 days. Dose of dexamethasone 4mg/kg. Values are average ± S.E. 

  

Two interesting things can be seen from Fig. 4.20, firstly, the steroid dose did not affect the 

amount of HSP70 measured at 4 or at 7 days, secondly, consistent with the protein 

dynamics experiments (detailed above), there is more HSP70 at 4 days then at 7 days post 

transfection. 
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4.5.5 Long term Effects of Viral Administration on Saliva Flow 
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Fig.4.21. Long term effect of Viral Administration on Saliva Flow.   312500 TU (dose b) of AdHSP70 was 

administered to the right submandibular gland. Saliva flow was measured 8 weeks after viral 

administration. Control = no virus administered. AdHSP70 right= gland where viral administration took 

place. AdHSP70 left = left gland of animal administered =virus. Values are average ± S.E 

 

Fig. 4.21. demonstrates that there were no significant long term effects on saliva flow 

caused by the administration of AdHSP70. The virus was only administered to the right 

gland. 
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4.5.6 Saliva Flow Following Radiation and Viral Transfer – Radioprotection? 

0

0.5

1

1.5

2

2.5

s
a
li

v
a
 g

/k
g

/3
0
m

im

control

Rad

Ad HSP + Rad right

Ad HSP + Rad left

Ad GFP + Rad right

Ad GFP + Rad left

 

 

Fig. 4.22. Saliva Flow Following Radiation and Viral transfer. Saliva flow was measured 8 weeks after viral 

administration. 312500 TU of AdHSP70 or AdGFP was administered to the right submandibular gland Values 

are average ± S.E. Control animals received no virus. Radiation was 4 days post viral administration (as 

described in Fig.4.2).  AdHSP70 + Rad right = vrial treated gland in radiated animal, AdHSP70+ Rad left = 

(untreated) gland of radiated animal. AdGFP + Rad right = vrial treated gland in radiated animal, AdGFP + 

Rad left = (untreated) gland of radiated animal. Values are average ± S.E.  *Significantly higher than all other 

groups (p<0.01).  

 

In Fig. 4.22 above, saliva flow following radiation and administration of both adenoviral 

vectors, AdGFP (control vector) and AdHSP70 can be compared. The differences between 

the radiation groups (i.e. with and without viral transfer) were not statistically significant 

(p>>0.01). No differences were seen between the right glands (where the virus was 

administered) and the left glands (which served as an internal control).   
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4.6 Customized cDNA Array 

A major aim of this experimental series was to determine the genes involved in our 

protective model compared to those altered in the gene transfer group (where no protection 

was found). Clustering genes according to mutual behavior provided us with a powerful 

tool for this purpose. The genes were grouped into 10 clusters. These clusters represent the 

major findings of our study. 

 

4.6.1 Number of Genes with Altered Expression 

Before looking at the clusters, some general comments about the number of genes 

responding to each treatment will be given. Of the 54 genes on our customized array 31 

were expressed in at least one treatment group. The genes that were not detected following 

any of the treatments, (or in the control tissues) are highlighted in yellow in Table 3.3.   

 

For details of the functional groups of all the genes, and the fold increase or decrease please 

see tables 4.2 and 4.3 below.  

 

Over all the treatment groups, among the visible genes more genes were up-regulated than 

down-regulated. Details for all experimental series are presented in table 4.1.  

Table 4.1 Number of Genes With Altered Expression 

Treatment Groups Acc t0 Acc t24 Rad t0 
Rad 
t24 

Acc+ 
Rad t0 

Acc+ 
Rad 
t24 

Acc 
30d 

Rad 
30d 

Acc+ 
Rad 
30d 

Number of Genes 

Up-regulated 17 9 19 7 16 10 1 3 4 

Down-regulated 0 1 0 5 3 2 8 9 12 

Treatment Groups 
AdHSP 
t0 

AdHSP 
t24 

AdHSP 
+  Rad 
t0 

AdHSP 
+  Rad 
t24  

AdGFP  
t0 

AdGFP  
t24 

AdGFP 
+ Rad 
t0 

AdGFP 
+ Rad 
t24 

DEX 

Number of Genes 

Up-regulated 8 7 13 8 2 5 7 8 9 

Down-regulated 6 6 7 4 2 7 8 6 3 

Treatment group name abbreviations Acc= heat acclimation, Rad= Radiation, Acc + Rad= heat 

acclimation and radiation. AdHSP=administration of AdHSP70, AdHSP + Rad= administration of 

AdHSP70 and radiation, AdGFP= administration of AdGFP, AdGFP + Rad= administration of 

AdGFP and radiation. DEX= dexamethasone administration only. "t0" and "t24" mean immediately 

after and 24 hours after treatment, "30d" means 30 days after treatment. 
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Table 4.2 Gene Names and Functional Groups 

ABBREVIATION OFFICIAL 
GENE NAME 

SWISS 
PROT 
ID no. 

MAIN 
CLASSIFICATION 

SUB- 
CLASSIFICATIONS 

LOCALIZATION 

VEGF vascular 
endothelial 
growth factor 

P16612 
 

cell signaling, 
extracellular 
communication 
proteins 

growth factors, 
cytokines, and 
chemokines 

extracellular 
matrix 

RNR1 nuclear receptor 
subfamily 4, 
group A, 
member 2 

Q07917 cell receptors (by 
activities) 

nuclear receptors nuclear proteins 

HSP90A heat shock 90-
kDa protein A 
(HSP90A; 
HSPCA); 
HSP86 [rat 
homolog of 
human] 

P07900 
(human) 

post-translational 
modification/protein 
folding  
 
stress response 
proteins 

chaperones/ heat 
shock proteins 
 
heat shock proteins 

cytoplasmic 
proteins 

IGF Insulin-like 
growth factor-
binding protein 
(IGF-BP3) 

P15473 extracellular 
transport/carrier 
proteins 

extracellular 
transport/carrier 
proteins 

extracellular 
secreted 
proteins 

TRISOM Triosephosphate 
isomerase 1 

P48500 metabolism simple carbohydrate 
metabolism 

cytoplasmic 
proteins 

ACTIN actin, alpha 1, 
skeletal muscle 

P02568 
P99020 

      

GSTP glutathione S-
transferase, pi 1 

P04906 Metabolism 
 
Stress response 
proteins 

metabolism of 
cofactors, vitamins, 
and related 
substances 
 
xenobiotic 
metabolism 
 
other stress 
response proteins 

cytoplasmic 
proteins 
 
nuclear proteins 

CACHA Calcium channel 
alpha 1A 

P54282 
Q01541 

membrane 
channels and  
transporters 

voltage-gated ion 
channels 

plasma 
membrane 
proteins 

HSF1 heat shock 
transcription 
factor 1 

Q63717 Transcription 
 
DNA binding and 
chromatin proteins 

basic transcription 
factors 
 
other DNA binding 
and chromatin 
proteins 

cytoplasmic 
proteins 
 
nuclear proteins 

CACHB calcium channel 
beta 1 subunit 

P54283 membrane 
channels and  
transporters 

voltage-gated ion 
channels 

plasma 
membrane 
proteins 
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Table 4.2 Gene Names and Functional Groups (continued) 

 

ABBREVIATION OFFICIAL 
GENE NAME 

SWISS 
PROT 
ID no. 

MAIN CLASSIFICATION SUB- 
CLASSIFICATIONS 

LOCALIZATION 

MORTAL mitochondrial 
stress-70 
protein 
precursor 
(MTHSP70); 
75-kDa 
glucose-
regulated 
protein 
(GRP75); 
peptide-binding 
protein 74 
(PBP74); 
mortalin; 
HSPA9 

P48721 post-translational 
modification/protein folding 
 
stress response proteins 

other stress 
response proteins 
 
chaperones/ heat 
shock proteins 

mitochondrial 
proteins 

DNAJ DnaJ-like 
protein 

P54102 stress response proteins 
 
trafficking/targeting proteins 
 
post-translational 
modification/protein folding 

heat shock proteins 
 
general trafficking 
 
chaperones/ heat 
shock proteins 

cytoplasmic 
proteins 

HSP60 heat shock 
protein 60 
(liver) 

P19226 post-translational 
modification/protein folding 
 
stress response proteins 

chaperones/ heat 
shock proteins 
 
heat shock proteins 

mitochondrial 
proteins 

HSP90B 
 

heat shock 90-
kDa protein 
beta (HSP90A-
beta); HSP84; 
HSPCB 

P34058 post-translational 
modification/protein folding 
 
intracellular 
transducers/effectors/modulators 

chaperones/ heat 
shock proteins 
 
adaptors and 
receptor-associated 
proteins 

cytoplasmic 
proteins 

NUCLEO Nucleoplasmin-
related protein 
(Nuclear 
protein B23 

P13084 
Q64269 
Q63698 

Translation 
 
DNA binding and chromatin 
proteins 

other proteins 
involved in 
translation 
 
other DNA binding 
and chromatin 
proteins 

nuclear proteins 
 
cytoplasmic 
proteins 

BRCA1 Breast cancer 
1 

 O54952  DNA synthesis, recombination, 
and repair 

 proteins involved in 
recombination 

 nuclear proteins 

HSP27 heat shock 
27kD protein 1 

P42930 stress response proteins heat shock proteins cytoplasmic 
proteins 
 
cytoskeletal 
proteins 
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Table 4.2 Gene Names and Functional Groups (continued)  

 

ABBREVIATION OFFICIAL 
GENE NAME 

SWISS 
PROT 
ID no 

MAIN 
CLASSIFICATION 

SUB- 
CLASSIFICATIONS 

LOCALIZATION 

MDM2 mouse double 
minute 2, 
human homolog 
of; p53-binding 
protein 

Q00987 
(human) 

Transcription 
 
DNA binding and 
chromatin proteins 

transcription 
activators and 
repressors 
 
other DNA binding 
and chromatin 
proteins 

nuclear proteins 

SOD1 Superoxide 
dismutase 1, 
soluble 

P07632 metabolism other metabolism 
enzymes 

cytoplasmic 
proteins 

GST microsomal 
glutathione S-
transferase 1 

P08011 stress response 
proteins 

xenobiotic 
metabolism 

cytoplasmic 
proteins 
 
nuclear proteins 

MT Metallothionein P02803 stress response 
proteins 

xenobiotic 
metabolism 
 
other stress 
response proteins 

nuclear proteins 
 
cytoplasmic 
proteins 

GAL galanin P10683 cell signaling, 
extracellular 
communication 
proteins 

neuropeptides extracellular 
secreted 
proteins 

GAPDH Glyceraldehyde-
3-phosphate 
dehydrogenase 

P04797 
P09328 

metabolism simple carbohydrate 
metabolism 
 
complex 
carbohydrate 
metabolism 

cytoplasmic 
proteins 

HO Heme 
oxygenase 

P06762 Metabolism 
 
stress response 
proteins 

metabolism of 
cofactors, vitamins, 
and related 
substances 
 
other stress 
response proteins 

endoplasmic 
reticulum 
 
microsomal 
proteins 

HIF hypoxia 
inducible factor 
1, alpha subunit 

O35800 Transcription 
 
stress response 
proteins 

transcription 
activators and 
repressors 
 
other stress 
response proteins 

nuclear proteins 

SOD2 Superoxide 
dismutase 2, 
mitochondrial 

P07895 Metabolism 
 
stress response 
proteins 

other metabolism 
enzymes 
 
other stress 
response proteins 

mitochondrial 
proteins 
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Table 4.2 Gene Names and Functional Groups (continued) 

 

ABBREVIATION OFFICIAL 
GENE NAME 

SWISS 
PROT 
ID no 

MAIN CLASSIFICATION SUB- 
CLASSIFICATIONS 

LOCALIZATION 

HIP suppression of 
tumorigenicity 
13 (colon 
carcinoma) 
HSP70-
interacting 
protein 

P50503 post-translational 
modification/protein folding 
 
intracellular 
transducers/effectors/modulators 

chaperones/ heat 
shock proteins 
 
adaptors and 
receptor-associated 
proteins 
 
chaperones/ heat 
shock proteins 

nuclear proteins 

HSP70 Heat shock 
protein 70-1 

Q63718 post-translational 
modification/protein folding 
 
stress response proteins 

chaperones/ heat 
shock proteins 
 
heat shock proteins 

cytoplasmic 
proteins 

NADH Diaphorase 
(NADH) 
(cytochrome b-5 
reductase) 

P20070 Metabolism 
 
stress response proteins 

metabolism of 
cofactors, vitamins, 
and related 
substances 
 
xenobiotic 
metabolism 
 
metabolism 

plasma 
membrane 
proteins 
 
chaperones/ 
heat shock 
proteins 
 
mitochondrial 
proteins 
 
endoplasmic 
reticulum 
 
microsomal 
proteins 

HOP stress-induced-
phosphoprotein 
1 
(HSP70/HSP90-
organizing 
protein) 

O35814 post-translational 
modification/protein folding 

chaperones/ heat 
shock proteins 

cytoplasmic 
proteins 

CFOS c-fos proto-
oncogene 

P12841 transcription basic transcription 
factors 

nuclear proteins 

HSPB heat shock 
27kD protein 2 

O35878 stress response proteins 
 
post-translational 
modification/protein folding 

heat shock proteins 
 
chaperones 

cytoplasmic 
proteins 
 
nuclear proteins 

ACTINB actin, beta P02570 
Q11211 
P99021 
Q64316 

cytoskeleton/motility proteins cytoskeleton/motility 
proteins 

cytoplasmic 
proteins 
 
cytoskeletal 
proteins 
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Table 4.2 Gene Names and Functional Groups (continued) 

 

ABBREVIATION OFFICIAL 
GENE NAME 

SWISS 
PROT 
ID no. 

MAIN 
CLASSIFICATION 

SUB- 
CLASSIFICATIONS 

LOCALIZATION 

ATPASEB ATPase, Cu++ 
transporting, 
beta polypeptide 
(same as Wilson 
disease) 

Q64535 membrane 
channels and  
transporters 

ATPase 
transporters 

plasma 
membrane 
proteins 

BAD bcl-2 associated 
death agonist 

O35147 apoptosis 
associated 
proteins 

BCL2 family 
proteins 

cytoplasmic 
proteins 
 
mitochondrial 
proteins 

PYY peptide YY 
precursor (PYY) 

P10631 cell signaling, 
extracellular 
communication 
proteins 

cell signaling, 
extracellular 
communication 
proteins 

extracellular 
secreted 
proteins 

MEIONE MRE11 meiotic 
recombination 
11 homolog A 
(S. cerevisiae) 

O43475 DNA synthesis, 
recombination, 
and repair 

DNA damage 
signaling/repair 
proteins and DNA 
ligases 
 
proteins involved in 
recombination 

nuclear proteins 

UNEXPRESSED GENES  

ABBREVIATION OFFICIAL 
GENE NAME 

SWISS 
PROT 
ID no. 

MAIN 
CLASSIFICATION 

SUB- 
CLASSIFICATIONS 

LOCALIZATION 

ACHR acetylcholine 
receptor epsilon 

P09660 cell receptors (by 
ligands) 
 
membrane 
channels and  
transporters 

neurotransmitter 
receptors 
 
ligand-gated  ion 
channels 

plasma 
membrane 
proteins 

ATAXIA ataxia 
telangiectasia 
mutated 
(includes 
complementation 
groups A, C and 
D) 

Q13315 DNA synthesis, 
recombination, 
and repair 
 
cell cycle 
 
stress response 
proteins 

DNA damage 
signaling/repair 
proteins and DNA 
ligases 
 
CDK inhibitors 
 
proteins involved in 
recombination 
 
stress response 
proteins 

 nuclear proteins 

BCLXL Bcl2-associated 
X protein 

Q63690 
Q62995 
Q64383 

extracellular 
transport/carrier 
proteins 

BCL2 family 
proteins 

plasma 
membrane 
proteins 
 
mitochondrial 
proteins 

CASP3 Caspase 3, 
apoptosis related 
cysteine 
protease (ICE-
like cysteine 
protease) 

P55213 
P70543 
Q62993 
P97699 

extracellular 
transport/carrier 
proteins 

caspases cytoplasmic 
proteins 

 

 

 

 

 



 69

Table 4.2 Gene Names and Functional Groups (continued) 

 

UNEXPRESSED GENES  

ABBREVIATION OFFICIAL 
GENE NAME 

SWISS 
PROT 
ID no. 

MAIN CLASSIFICATION SUB- 
CLASSIFICATIONS 

LOCALIZATION 

CASP9 caspase 9 Q9JHK1 extracellular transport/carrier 
proteins 

caspases microsomal 
proteins 

P450 P450 
(cytochrome) 
oxidoreductase 

P00388 post-translational 
modification/protein folding 

protein modification 
enzymes 

  

JUNB jun B proto-
oncogene 

P24898 oncogenes and tumor 
suppressors 
 
transcription 

oncogenes and 
tumor suppressors 
 
basic transcription 
factors 

nuclear proteins 

KCH potassium 
inwardly-
rectifying 
channel, 
subfamily J, 
member 11 

P70673 
Q62906 

membrane channels and  
transporters 

voltage-gated ion 
channels 

plasma 
membrane 
proteins 

NACH Sodium 
channel, 
nonvoltage-
gated 1, beta 
(epithelial) 

P37090 
O09183 

membrane channels and  
transporters 

facilitated diffusion 
proteins 

plasma 
membrane 
proteins 

UBIQUTIN ubiquitin 
conjugating 
enzyme 

P23567 protein turnover 
 
DNA binding and chromatin 
proteins 

protein turnover 
 
chromatin proteins 

nuclear proteins 

IP3 Inositol 1, 4, 5-
triphosphate 
receptor 3 

Q63269 cell receptors (by ligands) 
 
membrane channels and  
transporters 

other receptors (by 
ligands) 
 
ligand-gated  ion 
channels 

endoplasmic 
reticulum 

PKA stress 
activated 
protein kinase 
alpha II 

P49186 intracellular 
transducers/effectors/modulators 
 
stress response proteins 

intracellular kinase 
network members 
(non-receptor 
protein kinases) 
 
other stress 
response proteins 

cytoplasmic 
proteins 
 
mitochondrial 
proteins 

 CJUN mitogen-
activated 
protein kinase 
8 (MAPK8; 
PRKM8); c-jun 
N-terminal 
kinase 1 
(JNK1); stress-
activated 
protein kinase 
gamma 
(SAPK-
gamma) 

P49185 intracellular 
transducers/effectors/modulators 
 
stress response proteins 

intracellular kinase 
network members 
(non-receptor 
protein kinases) 
 
other stress 
response proteins 

cytoplasmic 
proteins 
 
mitochondrial 
proteins 
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4.6.2 Gene Clusters 

The expressed genes were clustered into 10 groups by mutual behavior. The 10 treatment 

groups that were selected are detailed in Fig. legend 4.23. 

 

Fig. 4.23. Graphical Representation of Genomic Changes. Genes colored green were down-regulated 

compared to controls, red signifies up-regulation. Column 1  Acc + Rad t0, column 2 Acc + Rad t24, column 

3 Acc t0, column 4 Acc t24, column 5 Rad t0, column 6 Rad t24, column 7 AdHSP t0, column 8 AdHSP t24, 

column 9 AdHSP + Rad t0, column 10 AdHSP + Rad t24. Please note that the order of the genes in this figure 

is the same as in table 4.3. 

 

Table 4.3 below provides the fold changes of the genes from all the treatment groups. Due 

to the large number of groups the table has been divided into 3 sections. The groups found  

 

D14n vascular endothelial growth factor  

F01f nuclear receptor (RNR-1) 

C12h heat shock 90-kDa protein A (HSP90A; HSPCA); HSP86 [rat homolog of human]  

E06j Insulin-like growth factor-binding protein (IGF-BP3) 

C05a Triosephosphate isomerase 1  

F10d actin, alpha 1, skeletal muscle 

B05d glutathione S-transferase, pi 2  

B04j Calcium channel alpha 1A 

A04j heat shock transcription factor 1 

B08k calcium channel beta 1 subunit  
B07j mitochondrial stress-70 protein precursor (MTHSP70); 75-kDa glucose-regulated protein (GRP75); peptide-binding 

protein 74 (PBP74); mortalin; HSPA9 

B03c DnaJ-like protein  

B03f heat shock protein 60 (liver) 

B03h heat shock 90-kDa protein beta (HSP90-beta); HSP84; HSPCB  

C14k Nucleoplasmin-related protein (Nuclear protein B23  

F12i Breast cancer 1 

B03d Heat shock 27 kDa protein  

A07a mouse double minute 2, human homolog of; p53-binding protein  

B04f Superoxide dimutase 1, soluble 

B05m microsomal glutathione S-transferase 1 (MGST1); GST12  

F14c metallothionein 1 

D06e galanin  

G27 Glyceraldehyde-3-phosphate dehydrogenase 

C09g Heme oxygenase  

A06m hypoxia inducible factor 1, alpha subunit  

C11j Superoxide dimutase 2, mitochondrial 

C12i suppression of tumorigenicity 13 (colon carcinoma) Hsp70-interacting protein 

B03g heat shock 70-kDa protein (HSP70)  

C09n NADH-cytochrome b5 reductase; DIA1  

C12j HSP70/HSP90-organizing protein (HOP); p60 protein 

A13l c-fos proto-oncogene 

B03k HSPB2  

G43 cytoplasmic beta-actin 

B10k ATPase, Cu++ transporting, beta polypeptide (same as Wilson disease)  

D01f bcl-2 associated death agonist 
E09m mitogen-activated protein kinase 8 (MAPK8; PRKM8); c-jun N-terminal kinase 1 (JNK1); stress-activated protein 

kinase gamma (SAPK-gamma)  

E03l peptide YY precursor (PYY) 

F10d MRE11 meiotic recombination 11 homolog A (S. cerevisiae) 

 

1       2     3       4      5     6      7      8      9    10  
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in each section are listed in the title of the table. Genes highlighted in red were up-regulated 

and those in green were down-regulated, black represents unexpressed genes, or genes that 

did not change significantly compared to controls. The order of the genes in the table is the 

same as in Fig. 4.23. 

 

Table 4.3a Cluster and Gene Expression Fold Changes- Acclimation series – short term 

Treatment Groups: Acc + Rad, Acc and Rad, Immediately (t0) and 24 (t24) hours post 

treatment   

cluster NAME 
Acc + 
Rad t0 

Acc + 
Rad t24 Acc t0 Acc t24 Rad t0 Rad t24 

9 VEGF 10.46 9.39 12.08 11.33 11.17 8.37 

4 RNR 3.26 3.29 6.02 4.38 5.88 5.07 

4 HSP90A 0.00 2.85 6.45 3.44 3.36 4.58 

4 IGF 5.04 2.51 7.12 3.64 5.21 3.38 

7 TRISOM 2.96 2.66 0.00 3.43 4.61 3.76 

7 ACTIN 2.48 2.45 0.00 2.44 2.92 0.00 

7 GSTP 3.55 3.18 0.86 4.00 2.22 2.15 

6 CACH 2.85 0.00 10.52 0.00 3.69 0.00 

6 HSF 0.00 0.00 13.80 0.00 0.00 0.00 

6 CACHB 0.00 0.00 0.00 0.00 0.00 0.00 

6 MORTAL 1.92 0.89 3.72 0.10 2.03 -0.58 

3 DNAJ 2.82 0.55 2.32 0.06 5.56 -2.19 

3 HSP60 2.62 2.47 2.70 0.00 2.53 0.37 

3 HSP90B 1.19 2.03 0.52 0.78 1.45 -1.61 

2 NUCLEO 1.36 0.29 1.95 0.20 2.40 -0.13 

2 BRCA -2.72 -1.04 0.35 -1.61 0.62 0.04 

2 HSP27 -2.45 -2.17 -0.64 0.00 -0.91 -1.59 

2 MDM2 -1.64 -5.03 3.45 -0.46 -0.47 -3.23 

8 SOD 2.50 1.19 2.10 0.62 1.97 0.96 

8 GST 2.52 1.06 1.24 1.87 3.51 0.45 

8 MT 1.77 0.26 0.00 0.13 3.40 0.05 

5 GAL 0.00 0.00 0.61 0.00 0.00 0.00 

5 GAPDH 0.00 0.00 0.00 0.00 7.82 0.00 

1 HO 0.91 -0.42 2.73 0.14 1.25 -1.73 

1 HIF 2.29 0.20 0.62 1.50 0.00 -0.82 

1 SOD2 2.23 0.97 4.42 -0.31 3.40 0.35 

1 HIP 5.04 3.95 6.65 0.00 5.47 2.53 

10 HSP70 0.00 0.00 2.98 0.00 0.93 0.00 

10 NADHDIAI 0.00 0.00 1.56 0.00 0.00 0.00 

10 HOP 0.00 0.00 1.20 0.00 0.00 0.00 

10 CFOS 0.00 0.00 1.11 0.00 0.00 0.00 

10 HSPB 0.00 0.00 1.11 0.00 0.00 0.00 

10 ACTINB 0.00 0.00 0.00 0.00 0.00 0.00 

10 ATPASEB 0.00 0.00 0.00 0.00 0.00 0.00 

10 BAD 0.00 0.00 0.00 0.00 0.00 0.00 

10 CJUN 0.00 0.00 0.00 0.00 0.00 0.00 

10 PYY 0.00 0.00 0.00 0.00 0.00 0.00 

10 MEIONE 0.00 0.00 -0.96 0.00 0.00 0.00 
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Table 4.3b Cluster and Gene Expression Fold Changes-Viral Treatments & Dex.-short term 

Treatment Groups: AdHSP, AdHSP + Rad, AdGFP, AdGFP + Rad,  Immediately (t0) and 

24 (t24) hours post treatment and Dexamethasone 

 

cluster NAME 
AdHSP 
t0 

AdHSP 
t24 

AdHSP 
+ Rad 
t0 

AdHSP 
+ Rad 
t24 

AdGFP 
t0 

AdGFP 
t24 

AdGFP 
+ Rad 
t0 

AdGFP 
+ Rad 
t24 

con 
dex 

9 VEGF -1.97 -1.80 -1.80 -0.43 0.00 -4.15 -0.03 -1.66 -2.01 

4 RNR -2.36 -2.78 -2.33 -1.89 -1.18 -1.84 -3.57 -4.76 1.17 

4 HSP90A -3.36 0.00 0.00 0.00 0.00 0.00 -6.04 -5.34 0.00 

4 IGF 4.95 0.00 2.62 0.00 0.00 0.00 0.00 0.00 3.91 

7 TRISOM 1.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

7 ACTIN 0.00 0.00 0.00 0.00 0.00 0.00 2.61 2.32 0.00 

7 GSTP -0.19 -0.43 1.27 0.70 -1.61 -1.13 -1.65 -0.20 -0.74 

6 CACH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

6 HSF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.06 

6 CACHB 0.00 0.00 2.66 0.00 0.00 0.00 0.00 0.00 0.00 

6 MORTAL 0.74 0.27 2.78 -0.37 2.73 -2.32 2.31 0.48 0.85 

3 DNAJ 1.00 -2.27 1.65 1.61 0.93 -1.85 -0.77 0.95 0.57 

3 HSP60 -1.13 -1.08 0.22 -0.42 0.32 -0.34 -0.80 -0.58 0.75 

3 HSP90B -1.72 -2.23 -1.72 -0.74 -1.21 -0.06 -1.61 -1.33 -0.72 

2 NUCLEO -2.88 0.00 -2.05 -3.17 0.00 -5.48 -5.03 -3.35 -3.36 

2 BRCA -1.28 -1.53 -2.47 -2.05 0.14 -0.69 -0.45 -1.18 -0.80 

2 HSP27 0.00 0.00 -5.92 0.00 0.00 -5.09 -4.75 -5.19 -3.71 

2 MDM2 -3.40 -3.06 -3.66 -5.76 -1.99 -2.48 -3.67 -6.62 -1.38 

8 SOD 1.08 1.28 3.66 2.15 0.88 1.50 0.12 2.15 1.72 

8 GST 3.01 2.10 3.68 3.69 -0.54 0.48 -0.60 3.32 3.45 

8 MT -0.12 2.40 3.34 2.63 1.44 -0.14 -1.72 2.09 2.37 

5 GAL 5.83 13.65 2.11 0.00 0.00 0.00 0.00 0.00 0.00 

5 GAPDH 3.83 0.00 5.17 0.00 0.00 2.62 2.49 0.00 4.36 

1 HO 4.30 2.74 3.73 4.78 0.00 2.11 5.40 4.44 3.93 

1 HIF 5.68 5.33 7.91 5.47 0.00 2.02 7.17 5.29 5.54 

1 SOD2 5.12 4.22 6.90 6.90 0.00 2.36 6.75 4.96 5.41 

1 HIP 4.15 9.48 5.41 5.06 0.00 0.00 4.85 3.31 2.34 

10 HSP70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 NADHDIAI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 HOP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 CFOS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 HSPB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.48 

10 ACTINB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 ATPASEB 0.00 0.00 0.00 0.00 0.00 -0.27 0.00 0.00 0.00 

10 BAD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 CJUN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 PYY 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.51 0.00 

10 MEIONE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 4.3c Cluster and Gene Expression Fold Changes- Acclimation series- Long term 

Treatment groups: Rad, Acc and Acc + Rad - 30 days Post Treatment 

 

cluster NAME Rad 30d Acc 30d 
Acc+ Rad 
30d 

9 VEGF     3.48 

4 RNR     -3.44 

4 HSP90A       

4 IGF       

7 TRISOM       

7 ACTIN       

7 GSTP -6.83 -2.29 -1.81 

6 CACH       

6 HSF   6.86 3.59 

6 CACHB       

6 MORTAL     -5.97 

3 DNAJ -8.90 -7.54   

3 HSP60 -12.18 -8.30 -7.89 

3 HSP90B       

2 NUCLEO     -5.80 

2 BRCA -9.05 -7.24  

2 HSP27       

2 MDM2     -7.06 

8 SOD -9.66 -8.03 -4.45 

8 GST -8.65 -6.22 -4.87 

8 MT -9.27 -6.92 -5.71 

5 GAL       

5 GAPDH 4.02   5.93 

1 HO -8.42   -6.33 

1 HIF   -3.73 -6.70 

1 SOD2 -6.52   -4.68 

1 HIP       

10 HSP70       

10 NADHDIAI       

10 HOP       

10 CFOS       

10 HSPB       

10 ACTINB 3.66   4.21 

10 ATPASEB       

10 BAD 3.94     

10 CJUN       

10 PYY       

10 MEIONE       

 

Ten representative treatment groups were selected (as described above Fig.4.22.) and the 

genes were clustered by mutual behavior. The treatment groups selected were Acclimation, 

Radiation, Acclimation + Radiation, AdHSP70 administration, AdHSP70 administration + 
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radiation, at t0 and t24. These fold changes of the genes in these groups can be found in 

table 4.3a and 4.3b. The behavior of the genes in these groups is presented graphically in 

Fig. 4.23. To follow is a description of the behavior of theses clusters and the biological 

processes of the genes involved. In this section only the 10 representative treatment groups 

will be dealt with. 

 

Cluster 1 (4 genes): (1) HO Heme oxygenase, (2) HIF hypoxia inducible factor 1, alpha 

subunit, (3) SOD2 Superoxide dismutase 2, mitochondrial, (4) HIP HSP70-interacting 

protein (also known as suppression of tumorigenicity 13 (colon carcinoma). 

 

In this cluster the vast majority of the genes were up-regulated in all the treatment groups. 

Up-regulation was detected in the viral treatment groups at t0 and t24 for all genes in this 

cluster. Expression of HO, HIF and SOD2 at AdHSP t0 was greater than at t24 (4.3 vs 2.7; 

5.7 vs 5.3; 5.1 vs 4.2 fold), HIP showed greater up-regulation at t24 than t0 (9.5 vs 4.1 

fold). AdHSP + Rad at t24 HO was up-regulated more than at t0 (4.8 vs 3.7 fold), SOD2 

remained stable and HIF and HIP showed less up-regulation 5.5 vs 7.9, 5.0 vs 5.4 fold at 

t24 than t0 respectively. 

 

 If we examine the behavior of these genes in the non-viral treated groups, HO was 

detected at Acc t0, where it was up-regulated 2.7 fold and at Rad t24 where it was down-

regulated. HIF was up-regulated in the Acc + Rad group t0 (2.3 fold) and Acc t24 (1.5 fold) 

and absent from the other non-viral treated groups. SOD2 was only present at t0 in the Acc, 

Acc + Rad and Rad groups where it was up-regulated 4.4, 2.2 and 4.4 fold respectively. 

HIP was up-regulated in all non viral treatment groups at all times, Acc t0 6.7 fold, Acc + 

Rad 5.0, 3.9 fold at t0, t24 and Rad  5.5 t0 and 2.5 t24. 

 

The GO (gene ontology) annotations of these genes imply that  HO, HIF and SOD2 belong 

to stress response protein group and HIP is involved in post-translational 

modification/protein folding, specifically chaperoning functions, which can also be 

considered part of the stress response. 
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Table 4.4 Biological Processes of Genes in Cluster 1 

Biological Process Gene Name 

cellular physiological process HO HIF SOD2 HIP 

Response to stress HO HIF SOD2  

regulation of nucleobase,  

nucleoside, nucleotide  

and nucleic acid metabolism 

 HIF SOD2  

regulation of transcription from RNA 

polymerase II promoter 
 HIF SOD2  

regulation of transcription,  

DNA-dependent 
 HIF SOD2  

Apoptosis HO HIF   

 

Cluster 2 (4 genes): (1) NUCLEO Nucleoplasmin-related protein (Nuclear protein B23), 

(2) BRCA1 Breast cancer 1, (3) HSP27 heat shock 27kD protein 1,     (4) MDM2 mouse 

double minute 2, human homolog of; p53-binding protein. These genes were down-

regulated in most of the treatment groups.  

 

If we look more closely at the changes in each gene in each treatment group we find that 

MDM2 was down-regulated about 3 fold in all the viral treated groups. The greatest down-

regulations were seen in all the radiated groups 24 hours post radiation, specifically Acc + 

Rad down-regulated 5 fold (whereas at t0 the down-regulation was only 1.6 fold), radiation 

only 3.2 fold (whereas Rad t0 MDM2 was undetected), and AdHSP + Rad 5.8 fold (vs. 3.7 

fold at t0). Furthermore, at Acc t0 MDM2 was up-regulated. i.e. MDM2 is down-regulated 

by radiation, more so 24 hours following treatment.  

 

HSP27 was only detected in the radiated groups, Acc + Rad t24 down-regulation was 

similar to t0. The greatest down-regulation was AdHSP + Rad t24, where a decrease of 5.9 

fold was found, at t0 in this group HSP27 was undetected. Similarly Rad t0 was undetected 

and t24 had a down-regulation of 1.6 fold. Similarly to MDM2, HSP27 is down-regulated 

by radiation. 

 

BRCA1 was undetected in the Rad group at t0 and t24, was down-regulated following 

acclimation at t24 by 1.6 fold, and further down-regulated when acclimation was  
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combined with radiation (2.7 fold, it was absent Acc + Rad t24). Similarly in the viral 

treated groups, when radiation was superimposed the down-regulation was greater. 

BRCA1, like MDM2 and HSP27 was down-regulated by radiation but only when radiation 

was combined with other treatments.   

 

NUCLEO only responded at Acc t0 (up-regulation 1.95 fold) and Rad t0 (up-regulation of 

2.4 fold), it was absent in the Acc + Rad group. In the viral treated groups it was down-

regulated in all groups 2-3 fold at t0 without radiation, and at t0 and t24 in the AdHSP + 

Rad groups. i.e. NUCLEO behaved oppositely in the viral treated groups compared to the 

Acc groups. 

 

These 4 genes belong to the main categories of translation, DNA binding and chromatin 

proteins, DNA synthesis, recombination and repair, stress response proteins and 

transcription, DNA binding and chromatin proteins. Overall we can say this cluster is 

involved in the response to DNA damage. From the description of the behavior of the 

genes, it seems that radiation alone or in combination with other treatments down-regulated 

most of these genes in most of the treatments, with the greatest down-regulations (more 

than 5 fold) in the combined treatment groups 24 hours post treatment. 

 

Table 4.5 Biological Processes of Genes in Cluster 2 

Biological Process Gene Name 

macromolecule metabolism NUCLEO BRCA HSP27 MDM2 

protein metabolism NUCLEO BRCA HSP27 MDM2 

Apoptosis NUCLEO BRCA HSP27 MDM2 

regulation of metabolism NUCLEO BRCA HSP27 MDM2 

Response to stress NUCLEO BRCA HSP27  

development NUCLEO BRCA HSP27  

negative regulation cellular  

processes 
NUCLEO BRCA HSP27  

regulation of nucleobase, nucleoside,  

nucleotide and nucleic acid metabolism 
NUCLEO BRCA  MDM2 

regulation of transcription NUCLEO BRCA  MDM2 

regulation of transcription from RNA 

polymerase II promoter 
 BRCA  MDM2 

negative regulation of cell proliferation NUCLEO   MDM2 
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Cluster 3 (3 genes): (1) DNAJ DnaJ-like protein, (2) HSP60 (chaperonin/hsp1) heat shock 

protein 60 (liver), (3) HSP90B heat shock 90-kDa protein beta (HSP90A-beta); HSP84; 

HSPCB. The behavior of the genes in this cluster can be generalized to the genes being 

down-regulated following viral treatment with or without radiation, and up-regulated 

following Acc, Rad and Acc + Rad.  

 

All the genes belong to the post translational modification/protein folding GO category. In 

this cluster we see the dichotomy between the behavior of the genes following acclimation, 

where radioprotection was achieved and following viral treatment- where the damage from 

radiation was evident.  

 

If we examine the behavior of each gene in each treatment group we can see several 

interesting things. Radiation alone (1.45 fold at t0) or with acclimation (2 fold at t24) up-

regulated HSP90B, whereas following viral treatment and radiation the gene was down-

regulated (2.2 fold t0 and 1.7 fold t24). HSP90B in the AdHSP group behaved similarly to 

AdHSP + Rad. i.e. following radiation this gene behaved oppositely in the Acc group 

compared to the viral treated group. 

 

HSP60 was undetected/silenced in the viral treatment groups, was increased approximately 

2.5 fold in the acclimation groups, specifically Acc t0, Rad t0 and Acc + Rad t0 and t24. 

(HSP60 was undetected at t24 in Acc and Rad groups).  

 

The greatest up-regulation of DNAJ was 5.6 fold following radiation at t0, and interestingly 

was down-regulated Rad t24 by 2.2 fold. The up-regulation of DNAJ following viral 

administration and radiation was steady at t0 and t24, remaining at 1.6 fold. DNAJ was up-

regulated Acc t0 and Acc + Rad t0 (absent in these groups at t24). Immediately following 

viral administration DNAJ was absent, but was down-regulated at t24. i.e. this gene 

responds dynamically to radiation (alone), and the dynamics are altered by the 

superimposition of other treatments. 
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Table 4.6 Biological Processes of Genes in Cluster 3 

Biological Process Gene Name 

Response to stress DNAJ HSP60 HSP90B 

unfolded protein DNAJ HSP60 HSP90B 

macromolecule metabolism DNAJ HSP60 HSP90B 

protein metabolism DNAJ HSP60 HSP90B 

establishment of localization DNAJ HSP60  

 

 

Cluster 4 (3 genes): (1) RNR nuclear receptor subfamily 4, group A, member 2, 2 NR4A2 

(2) HSP90A heat shock 90-kDa protein A (HSP90A; HSPCA); HSP86 [rat homolog of 

human], (3) IGF Insulin-like growth factor-binding protein (IGF-BP3). 

 

Again in this cluster the behavior of the Acc, Acc + Rad and Rad groups and the viral 

transfer groups is different, with overall up-regulation in the non-viral treated groups and 

down-regulation or no expression detected following viral treatment. When looking at the 

behavior of these 3 genes in Acc t0 and Acc t24, all genes showed greater up-regulation at 

t0 than at t24 (RNR 6 vs 4.4 fold, HSP90A 6.4 vs 3,4 and IGF 7.1 vs 3.6). For IGF this 

trend was also seen in the Acc + Rad groups (5 vs 2.5 fold), whereas RNR remained 

relatively stable between 3.6 and 3.9 fold, and HSP90A was only detected in Acc + Rad 

t24. Following radiation RNR and IGF were less up-regulated at t24 (5.9 vs 5 and 5.2 vs 

3.4 fold respectively) whereas HSP90A showed greater up-regulation 3.4 vs 4.6 fold). 

 

RNR in the viral treatment groups was more down-regulated at t24 without radiation (2.8 

vs 2.4 fold), and less down-regulated at t24 following virus treatment and radiation (1.9 vs 

2.3 fold). In the viral treated groups IGF was up-regulated at t0 with (2.6 fold) and without 

radiation (4.95 fold) and absent at t24. 

 

The changes in HSP90A following radiation were opposite to those following acclimation, 

with greater up-regulation at t24 i.e. Rad t0 3.4 fold Rad t24 4.6 and Acc t0 6.4, Acc t24 

3.4 fold. In the Acc + Rad group, expression was only found at t24, (where the gene was 

up-regulated 2.85 fold). In the viral treated groups down-regulation (3.36 fold) was found 

in AdHSP t0 and the gene was absent in the rest of the groups.     
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The GO classifications of this cluster include cell receptors, post translational 

modification/protein folding, stress response proteins and extracellular transport/carrier 

proteins. 

 

Table 4.7 Biological Processes of Genes in Cluster 4 

Biological Process Gene Name 

positive regulation of biological process RNR1 HSP90A IGF 

cellular physiological process RNR1 HSP90A IGF 

Development RNR1  IGF 

cell differentiation RNR1  IGF 

Response to stress RNR1 HSP90A  

 

Cluster 5 (2 genes): (1) GAL galanin, (2) GAPDH Glyceraldehyde-3-phosphate 

dehydrogenase.  

 

The pattern of expression of these genes is significant up-regulation in the viral treated 

groups (and Rad t0 for GAPDH, 7.8 fold), and not expressed in the acclimation, radiation 

or Acc + Rad groups. The up-regulation of GAPDH AdHSP + Rad t0 was greater than 

AdHSP t0 (5.2 vs 3.8 fold) and this gene was absent at t24 in the viral treated groups. The 

greatest up-regulation of GAL was AdHSP t24 (13.6 fold), followed by 5.8 fold AdHSP t0 

and then 2.1 fold AdHSP + Rad t0. No expression was found AdHSP + Rad t24. 

 

These genes are involved in cell signaling, extra-cellular communication proteins and 

metabolism. The biological processes these genes are involved in include: apoptosis/ 

regulation apoptosis, cellular physiological process. 

 

Cluster 6 (4 genes): (1) CACHA Calcium channel alpha 1A, (2) CACHB calcium channel 

beta 1 subunit, (3) HSF heat shock transcription factor 1,(4) MORTAL mitochondrial 

stress-70 protein precursor (MTHSP70); 75-kDa glucose-regulated protein (GRP75); 

peptide-binding protein 74 (PBP74); mortalin; HSPA9  

 

These genes belong to membrane channels and transporters, transcription, DNA binding 

and chromatin proteins, post-translational modification/protein folding, stress response 

proteins. 
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The overall behavior of clusters 6 is that the genes were significantly up-regulated 

following acclimation, radiation or Acc + Rad and were unexpressed following viral 

treatment (except MORTAL and CACHB which were up-regulated in the AdHSP + Rad t0 

group 2.8 and 2.7 fold respectively). HSF was up-regulated at Acc t0 (13.8 fold) and 

unexpressed in all other groups. CACHA and MORTAL were only expressed at t0 in Acc 

+ Rad, Rad and Acc, up-regulation was seen at these times, with the greatest up-regulation 

at Acc followed by Rad then Acc + Rad. (CACHA 10.5, 3.7 and 2.9 fold, MORTAL 3.7, 2 

and 1.9 fold) 

 

Table 4.8 Biological Processes of Genes in Cluster 6 

Biological Process Gene Name 

regulation bio processes CACHA HSF  MORTAL 

primary metabolism CACHA HSF  MORTAL 

neg regulation cellular processes  HSF  MORTAL 

establishment of localization CACHA  CACHB MORTAL 

regulation of nucleobase, nucleoside, 

nucleotide and nucleic acid metabolism 
CACHA HSF   

regulation of transcription,  

DNA-dependent 
CACHA HSF   

tri-valent inorganic cation transport CACHA  CACHB  

 

Cluster 7 (3 genes): (1) TRISOM Triosephosphate isomerase 1, (2) ACTIN, alpha 1, 

skeletal muscle, (3) GSTP (anti-apoptosis) glutathione S-transferase, pi 1. 

 

The genes in this cluster were undetected in the viral treatment groups and following Acc, 

gene expression was up-regulated at t24 (2.5-3.2 fold for each gene) and absent at t0. GSTP 

and TRISOM were up-regulated at t0 and t24 in the Acc + Rad groups and in the Rad 

groups. The fold changes were more stable following Acc + Rad than Rad (GSTP Acc + 

Rad t0, t24 3.6 vs 3.2; Rad 4 vs 2.2 fold and TRISOM Acc + Rad 2.96 vs 2.7; Rad 3.4 vs 

4.6 fold). The fold changes in actin were steadier 2.4 to 2.9 fold and ACTIN was 

undetected at Rad t24. The GO classifications include metabolism and stress response 

proteins. 
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Table 4.9 Biological Processes of Genes in Cluster 7 

Biological Process Gene Name 

cellular physiological process TRISOM ACTIN GSTP 

macromolecule metabolism TRISOM ACTIN  

Development  ACTIN GSTP 

 

Cluster 8 (3 genes): (1) SOD1 Superoxide dismutase 1, soluble, (2) GST microsomal 

glutathione S-transferase 1, (3) MT Metallothionein.  

 

When looking at the behavior of the genes in this cluster they are up-regulated in all the 

treatment groups involving radiation i.e. Rad, Acc + Rad and AdHSP + Rad. In Rad and 

Acc + Rad  expression was only found at t0. AdHSP + Rad showed up-regulation at t0 and 

t24, with MT and SOD1 showing greater up-regulation at t0 than t24 (MT 3.3 vs 2.6 and  

SOD1 3.7 vs 2.1 fold) and GST remaining stable, at 3.7 fold. SOD1 was also up-regulated 

at Acc t0 (2.1 fold), GST 1.8 fold Acc t24 and MT 2.4 fold at AdHSP t24.  

 

Table 4.10 Biological Processes of Genes in Cluster 8 

Biological Process Gene Name 

cellular physiological process SOD1 GST MT 

Apoptosis SOD1 GST  

response to stimulus SOD1 GST  

Development SOD1 GST  

  

Cluster 9  has only 1 gene, VEGF, vascular endothelial growth factor, this gene is involved 

in cell signaling, extracellular communication proteins. This gene was up-regulated in Acc, 

Acc + Rad and Rad and down-regulated in the viral treatment groups. In all groups the up-

regulation was greater at t0 than at t24 (Acc 12.1, 11.3, Acc + Rad 10.5, 9.4 and Rad 11.2, 

8.4). The down-regulation AdHSP t24 was greater than t0 1.97 vs 1.8 but when radiation 

was added to the viral treatment the down-regulation was only seen at t0 (t24 was 

undetected). The biological processes VEGF is involved in are apoptosis, response to 

stress, development, cell differentiation and establishment of localization. 
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Cluster 10 contains 10 genes, mostly showing insignificant up-regulation in only one 

treatment group. Only AdHSP70, NADHAIAI showed significant up-regulation in the Acc 

t0 group. These genes are discussed below. 

 

4.6.2.1 Summary of Gene Behavior from the Clusters 

To summarize the changes seen in the clusters, in clusters 1, 2 and 8 the genes behaved 

similarly in all treatment groups. In clusters 3, 4 and 9 the genes were up-regulated 

following acclimation, radiation or Acc + Rad and down-regulated following viral 

administration. In cluster 5 Acc, Rad and Acc + Rad the genes were undetected, but 

following viral administration the genes were up-regulated. Clusters 6 and 7 show the 

opposite, i.e.  up-regulation following Acc, Rad and Acc + Rad and undetected following 

viral treatment. 

 

4.6.3 Further Comparisons to Pinpoint Differences Between the Protected and Damaged 

Glands 

In order to further understand the differences between the protection acclimation provided 

and the damage radiation causes that still occurred following viral treatment more 

comparisons can be made between the behaviors of the genes in the treatment groups. An 

obvious comparison to make is to compare Rad to Acc+ Rad. RNR and TRISOM were up-

regulated in Acc + Rad (about 3 fold) whereas following Rad they were up-regulated more 

about 5 fold. The up-regulation of GSTP was halved when comparing Acc + Rad to Rad 

alone. HSF and HSP70, NUCLEO were up-regulated by acclimation, and radiation (with 

and without acclimation) silenced them. HSP90B and DNAJ responded dynamically to 

radiation, at t0 they were up-regulated whereas at t24 they were down-regulated. HSP27 

and MDM2 were down-regulated following Rad and Acc + Rad. HSP27 was not detected 

in the Acc group and MDM2 was up-regulated in this group. MT was found in the same 

groups as HSP27, but showed up-regulation. GAPDH was up-regulated by radiation and 

undetected in the other groups. HIF was up-regulated by Acc and by Acc + Rad and absent 

following Rad. BRCA1 was detected in the same groups, but was down-regulated. 

  

However, there were many more treatment groups that were damaged, and by only 

considering the groups above important data may be overlooked. The "baselines" t0 can be 

compared by examining Acc and AdHSP70 groups without radiation. The changes that 

occurred following radiation to each of these treatment groups can then be studied. Genes 
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behaving similarly are not key elements in the radioprotection noted, and that those genes 

behaving differently, (e.g. up-regulated by one treatment and down-regulated by another or 

up-regulated by one treatment and un-expressed following another etc) may be 

important/essential to radioprotection 

 

The bar charts below facilitate these comparisons, green denotes down-regulation and red 

denotes up-regulation. On the left side of the schemes are the treatment groups. The names 

of the genes are in the bars.  

 

4.6.3.1 Baseline (Acc t0 vs AdHSP t0) 

 

Fig. 4.24. Comparison of Gene Expression Profile Acc t0 and AdHSP t0. Green=down-regulation red=up-

regulation Bar 1) AdHSP only = genes expressed following administration of AdHSP70. Bar 2) Acc only= 

genes expressed following acclimation. Bar 3) AdHSP � Acc � genes that were up-regulated by acclimation 

and down-regulated by the virus. Bar 4) Acc& AdHSP, those genes behaving with similar trends. 

 

If we examine the biological processes of those genes that were down-regulated by the 

viral treatment and up-regulated by acclimation, as well as those that only responded to 

acclimation we may find key processes needed for protection (that were missing following 

viral treatment). The genes in Fig. 4.24. are involved in the following processes: Apoptosis: 

MDM2, VEGF (anti), NUCLEO (anti); Oxidative Stress: SOD1, SOD2, HO; 

Transcription: CACHA; Differentiation: IGF. All other genes in Fig 4.24. respond to stress.  
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4.6.3.2 Changes Following Radiation (Acc + Rad  t0 vs AdHSP + Rad t0) 

 

 

Fig. 4.25. Comparison of Gene Expression Profile Acc + Rad t0 and AdHSP + Rad t0. Green=down-

regulation red=up-regulation. Bar 1) Acc + Rad & AdHSP + Rad, those genes behaving with similar trends. 

Bar 2) AdHSP + Rad only = genes expressed following viral treatment only. Bar 3) AdHSP + Rad � Acc + 

Rad � contains those genes that were up-regulated by acclimation + radiation and down-regulated by AdHSP 

+ radiation. Bar 4) Acc + Rad only= genes expressed following acclimation only. 

 

As with the baseline differences, we can examine the functional groups of the genes in the 

bar, and those genes behaving oppositely are potentially protective. The genes in Fig. 4.25. 

are involved in the following processes: Apoptosis: BRCA1, MDM2. VEGF, NUCLEO; 

Oxidative stress: SOD1, SOD2, HO, MT; Transcription/ion transport: CACHA, CACHB 

Differentiation: IGF. All other genes in Fig 4.24. respond to stress.  

 

4.6.3.3 Summary of Changes- Potentially Protective Genes 

Using figures 4.24. and 4.25. above we can compile a list of potentially protective genes, 

these genes were absent following viral treatment, present following acclimation or 

behaved oppositely in the viral treated groups compared to the acclimation group. Genes 

fulfilling these criteria are CACHA, GSTP, HSF, HSP60, HSP70, HSP90A, MDM2, 

NADH, NUCLEO, RNR, TRISOM and VEGF. See discussion section 5.3.3 for further 

details. 
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4.6.4 Genes Altered by Radiation 

If genes behaved in a similar manner in all the groups that were radiated, i.e. Rad, Acc + 

Rad, AdHSP Rad and AdGFP + Rad then we can assume they are important/involved in 

the response to radiation. HSP27 and MDM2 were down-regulated in all radiation groups- 

these genes are all found in cluster 2 and are involved in the response to DNA damage and 

apoptosis (for further details see cluster 2 results above). SOD1, SOD2, HIP, HIF, GST 

were up-regulated in all radiation groups. SOD1, SOD2 and GST are involved in the 

response to oxidative stress, whereas HIP and HIF are part of the general stress response 

(none of these genes were found to be potentially protective see section 4.6.3.3).  

 

4.6.5 Long term Genomic Changes 

We aimed to prevent the long term damage radiation causes to the salivary glands, 

therefore the genomic changes seen one month after radiation and Acc + Rad as well as 

those following Acc alone are important to note (Table 4.3c shows fold changes of all 

genes 1 month after treatment).  If we examine the pattern gene expression one month 

following acclimation, radiation or combined Acc + Rad, where the animals were 

maintained under normothermic conditions we can see several interesting things. Firstly 

there are genomic changes one month after treatment (measurement of HSP70 protein 

levels as well as salivary gland function returned to control values).  We can assume that 

those genes common to Acc and Acc + Rad will give us information about lasting genomic 

changes caused by Acc, and those common to Rad and Acc + Rad will at least hint at some 

of the long term changes caused by radiation.  

 

The genes in common to the Acc and Acc + Rad groups are as follows, HSF is up-

regulated, and HIF is down-regulated, these genes are involved in the stress response. The 

genes in common between Rad and Acc + Rad are HO and SOD2 (oxidative stress) were 

down-regulated whereas GAPDH (macromolecule metabolism), and actin B (cytoskeleton) 

were up-regulated.  

 

4.6.6 Impact of Dexamethasone on Gene Expression 

The pattern of gene expression in the dexamethasone group (Table 4.3b) strongly 

resembles that of the groups given the viruses (as detailed in the methods section the 

groups given the virus were given steroids for 2 days). This may suggest that some of the 

changes are due to the steroids rather than the viral treatment. If we examine the genes that 
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behaved similarly in the gene transfer and steroid only group we can assume that the main 

influence on gene behavior was caused by the steroids, particularly if in the other treatment 

groups (where the animals were not given steroids), these genes behaved differently. 2 

genes fulfilling these criteria were down-regulated, namely VEGF and NUCLEO. Whereas 

HO, SOD2, MT and HIF were up-regulated. 

 

VEGF, NUCLEO, are categorized as responding to stimulus, regulation of apoptosis, 

development and cell cycle. HO, SOD2 and MT respond to oxidative stress.  HIF responds 

to stress. 

 

4.6.7 Confirmation of Array Results with RT- PCR 

We were able to confirm the array results using RT-PCR. The graphs below demonstrate 

the good "match" between the array and the PCRs. 
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Fig. 4.25. PCR confirmation with GSTp.  
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Fig.4.26. PCR confirmation with HIF 
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Fig 4.27.PCR confirmation with HO. 
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5. Discussion 

The main aim of our project was to protect the salivary glands from radiation damage. 

To that end we took advantage of a protective mechanism found in nature, namely heat 

acclimation mediated cross tolerance. We demonstrated for the first time that heat 

acclimation before radiation preserves salivary gland function. This protection was 

accompanied by a significant increase in HSPP70 expression in the salivary gland 

tissues. We were unable to mimic this protection using gene transfer of HSP70,  a key 

protein involved in cytoprotection and heat acclimation mediated cross tolerance (despite 

the fact that we were able to elevate HSP70 levels using adenoviral gene transfer in vivo 

to those achieved  following acclimation).  The genomic pattern of the protected animals 

(Acc + Rad) was markedly different to the damaged glands (virus + Rad) and key 

cytoprotective genes were silenced/unexpressed, perhaps because of the use of 

dexamethasone (administered to prevent the immune response to the adenovirus). The 

impact of steroids on gene expression may have relevance to clinical trials using gene 

therapy. Our data suggest that up-regulation of one protective protein is insufficient to 

provide protection. 

 

5.1 Heat Acclimation Mediated Cross-tolerance 

A major finding of this project was that heat acclimation (Acc) mediated cross tolerance 

protects rat major salivary glands from radiation damage. To our knowledge, this is the 

first demonstration of such radioprotection. Preservation of saliva flow was our criteria 

of function, and provided physiological evidence for protection from radiation damage 

by heat acclimation mediated cross tolerance. When saliva output was measured 4, 6 and 

8 weeks after radiation in the submandibular gland no significant differences were found 

between control amounts and those from the acclimated radiated groups. In contrast, 

there were significant decreases in the amount of saliva in the radiated group, with 

further decreases in saliva output noted over the three time points we investigated. 

Protection was also conferred the parotid gland. 

  

5.1.2 Long Term Effects of Heat Acclimation on Saliva Flow 

In addition to examining the potential protection from radiation damage, we needed to 

determine whether Acc per se causes long term changes in the salivary glands. This 

required investigation because of the central role of the salivary glands in the rat 

evaporative cooling system (one of the systems known to be altered by Acc). We 
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determined that there were no long term effects on salivary gland function, demonstrated 

by the lack of changes in submandibular salivary flow rate 4, 6 and 8 weeks after heat 

acclimation. We also showed that there were no long term effects on parotid output.  

 

This finding adds to the growing body of evidence regarding heat acclimation mediated 

cross tolerance. As detailed in the introduction (section 1.3), protection has been seen in 

the heart, the brain and from hearing loss, and is facilitated by the activation of common 

protective pathways by the different stressors. These include (but are not limited to), 

antioxidants, anti-apoptotic pathways and HIF-1. Cross tolerance mediated by Acc 

following closed head injury, as well as cardiac protection from ischemic/reperfusion 

insult take advantage of  the augmented ability of the acclimated animal to deal with 

reactive oxygen species (Horowitz et al. 2004; Shein et al. 2007). The results from our 

customized cDNA array (discussed below) concur with the importance of antioxidants to 

the acclimated protected phenotype. Specifically, we showed up-regulation of many 

antioxidant genes/ genes involved in the response to oxidative stress including SOD1, 

SOD2 and HO. 

 

Additionally, considering the central/essential role of HIF-1 in acclimation, established 

by Trenin et al (Treinin et al. 2003), and its role in cross tolerance demonstrated by 

Maloyan et al (Maloyan et al. 2005) in the cardiac model, it is interesting to note the role 

of this gene in our cross tolerance model. In our array HIF-1 was elevated following 

acclimation and following combined acclimation and radiation, i.e. where there was 

protection. 

 

Moreover, the elevated temperature thresholds for thermal injury that are found in 

acclimated animals imply that cytoprotective networks are involved in Acc, and logically 

also in cross tolerance (Horowitz 2007). These protective networks include the Heat 

shock proteins, which maintain cellular integrity. As will be discussed below, many of 

the genes that are part of the hear shock response (HSR) are among our candidates for 

protective genes.  

 

5.1.3 HSP Protein Profiles 

Due to the central role of HSPs in heat acclimation and cross tolerance, and in order to 

shed light on the role of these proteins in the radioprotection noted, we examined the 
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dynamics of 3 members of the heat shock protein family, HSP25, HSP90 and HSP70 in 

the rat major salivary gland tissues.  In the two tissues examined, HSP70 responded 

similarly to all the treatments whereas HSP25 and HSP90 were tissue and treatment 

specific. This fact together with the known role of HSP70 in cytoprotection and 

radioprotection led us to suspect that HSP70 is the key protein involved in 

radioprotection of the salivary glands. We therefore postulated that if we increased 

HSP70 in the glands, by gene therapy, before radiation, we could protect the glands.   

 

5.2  Protection from Various Insults Using Adenoviral Gene Transfer of HSP70 

In vitro  models of adenoviral elevation of HSP70 and protection include:  

• Chondrocytes from heat stress (Kubo et al. 2001) –as well as improved survival the 

authors noted higher metabolic activity under heat stress conditions. 

• Chondrocytes from mono-idoacetate (induces cell death) (Grossin et al. 2006) – no 

mechanism of protection was discussed by the authors.  

• V79 cells from airborne pollutants (Glowala et al. 2002) – airborne pollutants induce 

the formation of multipolar or incomplete mitotic spindles. In their study Glowala et al 

demonstrated improved survival by increased HSP70 levels, but noted that the mitotic 

spindles were still damaged. 

• Neurons from heat stress (Beaucamp et al. 1998)- they determined that the method of 

protection was by HSP70 facilitating the renatruing of damaged proteins.   

• Fibroblasts from UV damage (Simon et al. 1995)- they noted increased survival and 

that UV radiation is often accompanied by  the release of O2- radicals, and they 

studied cell viability upon oxidative stress. HSP70 over-expression increased viability 

upon treatment with hydrogen peroxide or menadione. Furthermore, they reported that 

HSP70 over-expression markedly decreased the release of IL-6 induced by UV and 

oxidative stress. 

• Myogenic cell line protected from ischemia reperfusion injury (Mestril et al. 1996) 

they suggest protection is due to enhanced cellular ability to deal with malfolded 

proteins. 

 

In vivo models of adenoviral elevation of HSP70 and protection include:  

1) Hiratsuka et al showed that the induction of heat shock protein 70 (HSP70) by whole 

body heat stress to donor animals before lung harvest decreases reperfusion injury in 
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preserved rat lung isografts (Hiratsuka et al. 1998) However, from that study it was 

unclear which of the heat shock proteins increased by whole body hyperthermia was 

responsible for the observed protective effects. This is due to the fact that heat stress 

(like heat acclimation) increases other cytoprotective proteins, such as catalase, 

superoxide dismutase, or other members of the HSP family. Therefore in order to see if 

HSP70 was responsible for the protection they used an adenoviral vector encoding 

HSP70. The found that the vector conferred protection to lung grafts following ischemia 

reperfusion injury (Hiratsuka et al. 1999). 

 

2) Amelioration of experimental acute respiratory distress syndrome (ARDS) by 

adenoviral increase of HSP70 has been reported by Weiss et al. (Weiss et al. 2002). They 

attribute the success of this treatment to finding that part of the underlying pathogenesis 

of ARDS is the inability of the lunge to mount an adequate HSR. Specifically they noted 

that HSP70 levels did not increase in their animal model of ARDS (Weiss et al. 2000). 

Therefore they theorized and demonstrated that increasing HSP70 could improve the 

clinical outcome.  

 

5.2.1 In vitro use of AdHSP70 in Salivary Gland cell lines 

Using the AdEasy system we constructed an adenoviral vector encoding HSP70 and 

green fluorescent protein (GFP) as a reporter gene. We demonstrated a dose response in 

two salivary gland cell lines, HSG and A5, where administration of increasing 

transducing units produced greater amounts of HSP70. The protein dynamics of HSP70 

were also investigated. Furthermore, we investigated whether the stress of exposure to 

adenoviruses in general or to GFP would increase HSP70 in these cells. Exposure to 

increasing transducing units of an adenoviral vector encoding GFP only (adGFP) did not 

alter levels of HSP70 in these cell lines. 

 

5.2.2 In vivo use of AdHSP70 

We then carried out a similar series of experiments in vivo, with the submandibular 

gland as the target tissue. In this series we also showed a dose response and HSP70 

protein dynamics. We determined the dose of virus required to elevate levels of HSP70 

to those achieved by heat acclimation, as well as the day of greatest HSP70 levels.  
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5.2.3 Impact of Dexamethasone on HSP70 Statement and Animal Integrity 

The established protocol we used for adenoviral gene transfer to the salivary glands 

included dexamethasone administration, we investigated the impact of various doses of 

steroids on HSP70 statement and on animal integrity (determined by body weight).  The 

rationale for using dexamethasone, and its possible impact on gene expression will be 

discussed below, the reason we investigated various doses will be elucidated here. In our 

initial protein dynamic experiment the animals were given steroids for an extended 

period of time (up to 10 days). We noted a dramatic decrease in rat body weight 

(described in results section 4.5.4.1 and Fig. 4.18), which is consistent with the literature. 

Studies by Ma et al. demonstrated a dose-dependent loss of body weight (Ma et al. 

2003). Pederson et al. showed that dexamethasone caused significant loss of body weight 

and decreased intra-abdominal fat depots (Pedersen et al. 2003). We found that the 

various doses of dexamethasone administered did not alter HSP70 levels. As a result we 

decided to administer 4mg/kg of dexamethasone for 2 days. 

 

5.2.4 Effect of Gene Transfer on Saliva Flow- Radioprotection? 

Importantly, no long term effects were found on saliva flow/output following vector 

administration. The final step in our in vivo experimental paradigm was to determine 

whether administration AdHSP70 prior to radiation could protect the glands from 

damage. The glands were not protected; saliva flow rates of the radiated AdHSP70 group 

were insignificantly different than the radiation only group, and the radiated AdGFP 

group, and significantly lower than controls.  

 

5.3 Investigating the Lack of Radioprotection 

The final stage of the project involved trying to determine why the vector did not confer 

protection, when heat acclimation did. Furthermore we wanted to examine some of the 

genes involved in the response to radiation. To this end we used a customized cDNA 

array. 

 

5.3.1 Complexity of the Cellular Response to Radiation 

As mentioned in the introduction, the mechanism of radiation damage in the salivary 

glands is enigmatic. Radiosensitivity is considered to be tissue specific, depending on 

level of differentiation, proliferation rate and other regulatory mechanisms, furthermore, 

responses of the same cells/tissues can be variable (An and Seong 2006). In trying to 
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understand the genes involved in the radiation response in general and in the salivary 

glands in particular there are several important factors to take into consideration. The 

complexity of the transcriptional responses to radiation has been highlighted in 

numerous papers. For example Tachiiri et al. (Tachiiri et al. 2006) and Akerman et al 

(Akerman et al. 2005) examined several radiation doses and time points following 

radiation. They found dose and time-dependent changes in both expression levels and 

numbers of differentially modulated genes. Jeong et al. (Jeong et al. 2006) performed a 

time-dependent analysis of radiation-responsive genes and revealed that, irrespective of 

radiation sensitivity, the different subsets of genes that participated in cellular response 

to radiation had specific activation/deactivation time points. Not only are diverse genes 

activated/inactivated when examining different times and doses, the method of radiation 

single versus multiple doses produces different molecular responses (Tsai et al. 2007). In 

other words it is extremely complicated to study the response to radiation. The results 

from our array are consistent with the findings, that genomic changes following radiation 

are dynamic. We examined the tissues immediately and 24 hours after radiation. The 

expression levels of all the responding genes in each treatment group were different at t0 

and t24. Although the issue is complex we can still shed light on some of the genes 

potentially involved in radiation, and furthermore, we can compare the differences in the 

gene profile of the acclimation, radiation only and viral transfer groups and determine 

"what was missing" following gene therapy that is possibly essential to radioprotection 

as well as the response of the untreated gland to radiation.  

 

5.3.2 Genes Responding to Radiation 

It seems logical that genes responding similarly in all the treatment groups that were 

radiated have a role in the response to radiation. As outlined in the array results, HSP27 

and MDM2 were down-regulated in all radiation groups, these genes are involved in the 

response to stress, response to DNA damage and apoptosis. SOD1, SOD2 and GST 

respond to oxidative stress, HIP, HIF are involved in the stress response and were up-

regulated in all radiation groups. A brief review of the importance of each of these genes 

with respect to the hypothesized mechanisms of radiation damage will be provided. 

 

If we revisit the main hypotheses on radiation damage to the salivary glands (detailed in 

the introduction), namely I-apoptosis, II- gland granules leak and reactive metal ions 

cause DNA damage, III- reactive oxygen species/free radical damage, IV- essential 
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cellular functions disrupted including repair and cell division, V- endothelium is 

damaged first, we can see that the genes we found to be responsive to radiation are 

involved in all these processes, the final hypothesis regarding the endothelium will be 

discussed below in further detail due to our finding that VEGF is a potentially protective 

gene. 

 

5.3.2.1 HSP25 

We studied both protein and RNA levels of HSP25. If we integrate these results, we can 

see that following acclimation, protein levels were insignificantly altered, and mRNA 

levels (from the array) were undetected. Following Acc + Rad mRNA levels decreased 

at t0 and t24 and protein levels increased. Following radiation only, at t0 protein levels 

were the same as controls, and mRNA was undetected, but at t24 protein levels increased 

and RNA decreased. This is in congruence with the known negative feedback between 

mRNA and protein levels of HSP25. Lee et al (Lee et al. 2006) used an adenoviral vector 

in rat submandibular glands prior to radiation and reported radioprotection. They 

demonstrated inhibition of radiation-induced apoptosis, caspase-3 activation, and poly 

(ADP-ribose) polymerase cleavage in acinar cells, granular convoluted cells, and 

intercalated ductal cells were inhibited by HSP25 transfer. Histological analysis revealed 

almost no radiation-induced damage in salivary glands when HSP25 was transferred. 

Aquaporin 5 expression in salivary gland was inhibited by radiation; and HSP25 transfer 

to salivary gland prevented this alteration. Furthermore, the vector significantly 

ameliorated radiation-induced salivary fluid loss (Lee et al. 2006). The protective roles 

of HSP25 including radioresistance are outlined in detail in the introduction in section 

1.4.3. 

 

5.3.2.2 MDM2 

MDM2 was down-regulated in all our radiated treatment groups, with greater down-

regulation 24 hours following radiation than immediately. MDM2 is phosphorylated by 

activated ATM. ATM was one of the genes on our array, however it was not expressed 

in any of the treatment groups, ATM is involved in DNA damage repair (Rezacova et al. 

2005). Consistent with our findings, MDM2 has been shown to be down-regulated 

following radiation (Gelis et al. 2005). MDM2 negatively regulates p53. p53 is a critical 

coordinator of a wide range of stress responses and is produced constitutively.  MDM2 

can inhibit p53 in multiple independent ways: by binding to its transcription activation 
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domain, inhibiting p53 acetylation, promoting nuclear export, and probably most 

importantly by promoting proteasomal degradation of p53 (Brady et al. 2005) i.e. a 

down-regulation of MDM2 enables the p53 coordinated stress response. 

 

5.3.2.3 SOD1 

SOD1 was up-regulated in all the radiated treatment groups, the fold changes of its up-

regulation varied between the groups, the fold change of the protected group (Acc + 

Rad) was greater than radiation alone, but very similar to the other damaged groups. 

Cu/Zn SOD (SOD1) is a metalloenzyme that catalyzes the dismutation of
 
superoxide 

anion (O 
-
2) into O2 and hydrogen peroxide (H2O2)

 
in the cytosol, mitochondria and 

nucleus. Subsequently,
 
H2O2 is reduced to H2O by GSH-Px in the cytosol, or by catalase

 

in the peroxisomes or in the cytosol. Cu/Zn SOD, catalase and GSH-Px, together with 

glutathione S-transferase and glutathione reductase, are induced by oxidative stress, and 

the activity
 
levels of these enzymes have been used to quantify oxidative

 
stress in cells 

(Olsvik et al. 2006).  

 

5.3.2.4 SOD2 

SOD2 was up-regulated in all the radiation groups, but less-so in the protected group. 

This may be due to the fact that other protective genes were up-regulated, so less SOD2 

was required. SOD2, also known as MnSOD is a known scavenging agent of superoxide 

radicals, and acts as a first line defense against oxygen free radicals (Malaker and Das 

1988b). SOD2 has been shown to protect  lungs (Carpenter et al. 2005; Malaker and Das 

1988a), small intestine (Guo et al. 2005), intestinal vili (Guo et al. 2003b), oral mucosa 

(Guo et al. 2003a), esophagus, bladder (Greenberger and Epperly 2007) and the parotid 

gland (Nagler et al. 2000) from radiation damage in vivo. SOD2 has an anti-

inflammatory effect, which may also be part of its radioprotective properties 

(Greenberger et al. 2003; Nagler et al. 2000).  

 

In a recent review by Spalding and Lawrence discussing radioprotection in general, the 

only proven radioprotective strategy mentioned was free radical scavenging. (SOD1 and 

SOD2 are involved in this process). They made note of Amifostine which was originally 

developed by the U.S. Army Medical Research and Development Command for 

protection against nuclear fallout. Cell surface alkaline phosphatase converts the 
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amifostine to a free thiol metabolite, WR-1065, that can act to scavenge free radicals and 

enhance DNA repair when exposed to ionizing radiation (Spalding and Lawrence 2006).  

 

5.3.2.5 HIF-1 

About 60 genes activated by HIF-1 alpha are known today; among these are genes that 

code defense systems: cellular antioxidant systems, peroxiredoxines, prostaglandins, 

heme oxygenase, and heat shock proteins (Sazontova et al. 2007). HIF-1 is a major 

transcription factor sensitive to oxygen levels, which responds to stress factors under 

both hypoxic and non-hypoxic conditions (Rezvani et al. 2007).  The essential roles of 

HIF in acclimation and cross tolerance were mentioned in the discussion in section 5.12. 

HIF up-regulation was only found in our array when radiation was administered with 

other treatments, with the least up-regulation seen in the Acc + Rad group. 

 

5.3.2.6 HIP 

The C-terminus of HSP70 interacting protein (HIP) is often termed CHIP in the 

literature. CHIP mRNA increases following exposure to oxidative, endoplasmic 

reticulum and proteasomal stress (Dikshit and Jana 2007).   CHIP is a critical switch that 

controls protein fate by orchestrating attempts at re-folding versus degrading misfolded 

proteins (Kumar et al. 2007). CHIP is also involved in the up-regulation of HSP70 

during stress through the activation of HSF1 (Dai et al. 2003; Dikshit and Jana 2007). 

The array results show up-regulation of HIP in all treatment groups.  Interestingly, the 

treatment group with the highest HIP levels is Acc t0, and this is the only group where 

HSF levels were detected. 

 

5.3.3 Pinpointing Potentially Protective Genes 

As well as examining those genes involved in the response to radiation, we can compare 

the genomic pattern following acclimation and viral treatment, with and without the 

superimposition of radiation. By highlighting differences in behavior of certain genes we 

can determine which genes are potentially protective. Table 5.1 contains is a list of 

potentially protective genes, they behaved oppositely in the acclimated/virus treated 

groups or were only found in the acclimation groups.  
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Table 5.1 Potentially Protective Genes 

Gene Name Stress Response 

DNA  

Damage Response Apoptosis OTHER 

CACHA       

 Transcription/ion 

transport 

GSTP 

���� anti-  

oxidation 

 ���� Protection from 

DNA damage 

���� 

anti   

HSF1 ���� HSR       

HSP60  ���� HSR      

HSP70  ���� HSR      

HSP90A ����  HSR      

MDM2 ���� p53 ����  ���� Transcription 

NADH ����      xenobiotic 

NUCLEO   ���� ���� anti   

RNR ����    ����  Receptor 

TRISOM ����      Protein metabolism 

VEGF ����   ���� anti   

 

Most of the genes in the list above can be classified using GO as stress response, and 

many of them are involved in the Heat Shock Response, HSR.  The HSR is an evolved 

mechanism of cellular protection, evoked by numerous stresses that alter the tertiary 

structure of proteins and have adverse effects on cellular metabolism (De Maio 1999). 

Genes involved in the HSR include (but are not limited to) HSP90, HSP70, HSP40, HIP, 

HSF. 

 

5.3.3.1 Impact of Dexamethasone on Gene Expression 

However, in order to discuss which genes are potentially relevant to protection we need 

to examine one more aspect of the project, the impact of dexamethasone on gene 

expression. As detailed in the introduction, numerous adenoviral vectors, encoding a 

variety of genes have been introduced to the rat salivary glands, and in the vast majority 

of these studies dexamethasone was administered. This is due to the fact that 

inflammation and salivary hypofunction occur following viral administration, and both 

are suppressed by administration of the anti-inflammatory glucocorticoid, 

dexamethasone (Adesanya et al. 1996). Additionally, the potent immune response can 

cause cellular immune-mediated target cell destruction (Kagami et al. 1996). Moreover, 

a recent study investigated radioprotection of the salivary using adenoviral mediated 
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gene transfer, Lee  et al. (Lee et al. 2006)  administered an adenoviral vector encoding 

HSP25 and dexamethasone and they reported protection.  

 

Our findings indicate genomic changes in the group that received steroids only. If we 

look at the genes that behaved similarly in all the groups that received steroids (i.e. all 

the viral treated groups), and were not expressed or behaved differently in the non-

steroid treated groups, it is possible that the steroids impacted on the gene expression. 

Genes fulfilling these criteria are VEFG and NUCLEO that were down-regulated in all 

the steroid groups. HO, SOD2, MT and HIF were up-regulated in all the steroid groups. 

We will discuss the genes apparently influenced by steroids that are in our list of 

potentially protective genes (underlined in table 5.1).  

 

 5.3.3.1.2 Dexamethasone Interferes with Radioprotection 

There is a precedent that pretreatment with dexamethasone reduces radioprotective 

effects of turpentine oil and Amifostine (Sevaljevic et al. 2003) as well as vitamins C 

and/or E (Nam et al. 1998). Additionally the mean survival time of animals exposed to 

total body radiation was reduced to 2 days from 14 days following dexamethasone 

administration (1mg/kg/day, for 2 days) (Nam et al. 1998), this is lower than the steroid 

dose we employed. Furthermore, there is a known connection between the HSR and 

steroids. Wadekar et al (Wadekar et al. 2001) noted that steroid receptors form 

complexes with mammalian heat shock proteins, and that heat shock signaling is 

regulated by glucocorticoids. Specifically they demonstrated that dexamethasone 

inhibited expression of the major heat shock proteins, HSP70, HSP90 and HSP110. In a 

more recent study, the same group (Wadekar et al. 2004) showed that  the ability of 

dexamethasone to prevent HSF1 recruitment to the promoter was fast acting (occurring 

in as little as 15 min), and the hormone also caused release of HSF1 already bound to the 

promoter. In other words, the HSR is attenuated by glucocorticoids. 

 

5.3.3.1.3 VEGF and Radioprotection 

The fact that VEGF was up-regulated in the protected groups and down-regulated 

following viral treatment/steroid administration is important. It is possible that this gene 

is essential to protection and the steroids interfered with its expression and with the 

protection that could have been supplied by the virus.  
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VEGF is involved in vasculogenesis, angiogenesis, and lymphangiogenesis during 

embryonic and postnatal development. Furthermore, vascular beds in the adult intestine, 

endocrine pancreas, thyroid and liver actively require VEGF for their maintenance and 

function (Ho and Kuo 2007). Radiation induced increases in VEGF mRNA and protein 

in white matter (Nordal et al. 2004), and multi-fraction dosage induced this gene in 

several cell lines (Tsai et al. 2007). Survival factors for the endothelium such as VEGF, 

acidic and basic fibroblast growth factors (bFGFs), and interleukin 11, have been shown 

to protect the gut from radiation injury (Houchen et al. 1999; Okunieff et al. 1998).  

 

Specifically in a mouse model Paris et al reported that microvascular endothelial 

apoptosis is the primary lesion leading to stem cell dysfunction. Radiation-induced crypt 

damage, organ failure, and death from the GI syndrome were prevented when 

endothelial apoptosis was inhibited pharmacologically by intravenous basic fibroblast 

growth factor (bFGF). The fact that only endothelial cells express FGF receptors, 

suggests the endothelial lesion occurs before crypt stem cell damage in the evolution of 

the GI syndrome (Paris et al. 2001). A recent study by Cotrim et al (Cotrim et al. 2007b) 

demonstrated radioprotection of mouse salivary glands by increasing VEGF using an 

adenoviral vector. In his paper from 2005 paper by Gaugler (2005) explains the essential 

role of the endothelium in multi-organ failure following radiation (Gaugler 2005). Taken 

together VEGF seems to be important in protection from radiation. 

 

5.3.3.1.4 Dexamethasone Inhibition of VEGF 

Furthermore, VEGF expression has been shown to be inhibited by dexamethasone in 

numerous tissues such as retinal pigment cells (Bian et al. 2007) placenta (Hewitt et al. 

2006) glomerulus/podocyte (Xing et al. 2006) vascular smooth muscle cells (Tanabe et 

al. 2006) . If we examine the array results closely and consider the suppression of VEGF 

by steroids and the fact that HIF-1 is one of the main VEGF gene activators (Ho and 

Kuo 2007; Sanchez-Lopez et al. 2005)  we can see that our results are consistent with 

these findings. In the non viral treated groups when HIF was up-regulated VEGF was 

too, but in all the groups where steroids were administered HIF was up-regulated but 

VEGF was down-regulated. Additionally, in the hearts of acclimated animals that 

underwent an additional stress (heat stress), VEGF levels were further elevated 

(Maloyan et al. 2005). This can also be seen in our results, where VEGF levels were 

higher in the Acc + Rad group than in the Acc only group. 
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NUCLEO was down-regulated in the steroid groups and up-regulated following 

acclimation and radiation, and unexpressed in the other non-steroid-treated groups. It is a 

multifunctional protein with roles both in and outside of the
 
nucleolus. Nucleoplasmin 

has several characteristics typical of molecular chaperones, including anti-aggregation 

activity, promoting the renaturation of denatured proteins, and preferential binding to 

denatured substrates (Szebeni et al. 2003). The protein also stimulates the activity of 

DNA polymerase, and it may be a factor in DNA recombination by promoting the 

annealing of complementary strands
 
of DNA (Szebeni et al. 2003). It is involved in the 

response to UV damage (Kurki et al. 2004), and in the MDM2/p53 response to stress 

(Lee et al. 2005) as well as having anti-apoptotic effects e.g. (Ahn et al. 2005; Hsu and 

Yung 2000). No studies could be found in the literature on the impact of steroids on the 

behavior of nucleoplasmin. 

5.3.3.2 Potentially Protective Genes (Not Affected by Dexamethasone)  

5.3.3.2.1 HSP60 

HSP60/chaperonin is a typical heat shock protein, it is induced by cellular stress (Izaki et 

al. 2001; Latchman 2001) e.g. in the myocardium following atrial fibrillation, and in the 

brain during cerebral ischemia (Izaki et al. 2001) (Schafler et al. 2002). HSP60 (and 

HSP10) may form mitochondrial-chaperoning complexes that play a role in maintaining 

normal mitochondrial function (Lau et al. 1997). As well as chaperoning functions, 

HSP60 has been shown to inhibit apoptosis (Shan et al. 2003). HSP60 was 

undetected/silenced in the viral treatment groups, and its expression increased 

approximately 2.5 fold in the acclimation groups, specifically Acc t0, Rad t0 and Acc + 

Rad t0 and t24. (HSP60 was undetected at t24 in Acc and Rad groups). The persistence 

of the up-regulation of this gene in the protected group (Acc + Rad) strengthens their 

hypothesis that it has a protective role. 

 

5.3.3.2.2 RNR 

The orphan NR4A subfamily has three members, Nur77,  Nurr1 (RNR1 found in our 

array (NR4A2, NOT)), and NOR-1. These receptors play a role in complex pathways of 

cell survival and apoptosis (Li et al. 2006). The expression these receptors is regulated 

by many stimuli, including growth factors such as vascular endothelial growth factor, 

platelet- derived growth factor-BB, epidermal growth factor, and thrombin, as well as 

inflammatory cytokines, lipopolysacharide, lipoproteins including oxidized low-density 
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lipoprotein, fatty acids, prostaglandins, and physical stimuli such as stretch. 

Additionally, nuclear receptors are induced rapidly and transiently in response to 

environmental stimuli (Bonta et al. 2007). They are considered to be among the 

immediate early response genes (Honkaniemi et al. 2000) and regulate stress-response 

genes in vertebrates (Goldstone et al. 2006). Among the genes that have been shown to 

be directly regulated by the NR4A nuclear receptors are transcription factors involved in 

cell cycle regulation and apoptosis (Bonta et al. 2007). In other words RNR1 is a key 

regulator of cell survival (Sousa et al. 2007). In our array, RNR was down-regulated in 

the viral treatment groups and up-regulated in the other groups. Interestingly, when 

looking at how much this gene was up-regulated, the greatest up-regulation was 

following acclimation, and the least was in the Acc + Rad group.   

 

5.3.3.2.3 HSP90 

Vertebrates have two isoforms of cytosolic HSP90, HSP90alpha and HSP90beta. 

HSP90beta is expressed constitutively to a high level in most tissues and is generally 

more abundant than HSP90alpha, whereas HSP90alpha is stress-inducible (Millson et al. 

2007). During the heat shock response, many mammalian cell types display strong heat 

shock transcription factor (HSF)-directed induction of HSP90a (Millson et al. 2007).  

Our results are consistent with this, in all treatment groups where HSP90a and HSP90b 

responded, there were always higher levels of alpha. According to Camphausen and 

Tofilon (Camphausen and Tofilon 2007) among HSP90 clients are a number of proteins, 

which in a cell type-dependent manner, contribute to tumor cell radioresistance. 

Furthermore, when comparing the results from the cDNA array with the protein profiles 

we can see that they integrate well, that when there were higher levels of mRNA the 

protein levels were also elevated.  

 

5.3.3.2.4 CACHA 

Voltage-sensitive calcium channels (VSCC) mediate the entry of calcium ions into 

excitable cells and are also involved in a variety of calcium-dependent processes, 

including salivary secretion, muscle contraction, hormone or neurotransmitter release, 

gene expression, cell motility, cell division and cell death. CACHA mediates exocytosis 

via the cAMP-protein kinase A pathway in the salivary glands (Kawaguchi and 

Yamagishi 1995). Levels of this gene have been shown to respond to chronic stress (Qin 

et al. 2004).  Furthermore, in the heart calcium handling is altered by heat acclimation 
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(Cohen et al. 2007). The greatest up-regulation in this gene was found in the acclimation 

group (>10 fold), radiation decreased this to 3.7 fold, and combined Acc + Rad the up-

regulation was only 2.9 fold. This is consistent with the literature, that Ca handling 

changes in the salivary glands during  heat acclimation (Horowitz et al. 1996; Kaspler 

and Horowitz 2001).  

 

5.3.3.2.5 HSF-1 

HSF1 (Heat shock factor 1) is a transcription factor essential to heat shock gene 

transcription.  There are at least two suggested methods by which HSF1 “senses” stress, 

one involves a conformational change in HSF1 during stress and the second involves an 

inhibitory protein such as HSP70 (Calderwood et al. 1996), or  misfolded  proteins. In 

simple terms, when the cell is stressed, the HSF1 monomer is released from the HSP70-

HSF1 complex, trimerizes in the cytoplasm, is then phosphorylated, migrates to the 

nucleus (Calderwood et al. 1996; Feige and Polla 1994). In the nucleus it binds to the 

heat shock response element (HSE) found in the promoters of all heat shock genes 

initiating transcription  thereby increasing HSP synthesis (Calderwood et al. 1996; Ding 

et al. 1997a; Ding et al. 1998; Ding et al. 1997b).  

 

A recent paper by Kabakov et al (Kabakov et al. 2006) describes how the HSF-1 

mediated stress response can protect cells from radiation damage. In an elegant paper 

they demonstrated that by preconditioning cells with heat there was improved survival 

following radiation. Furthermore, they demonstrated that HSF knockout cells and cells 

treated with the HSF inhibitor quercetin were not protected by preheating. They were 

able to correct this by over-expression of HSF1 or HSP70 or HSP27. They postulated 

that the genomic DNA is the main target of radiation damage, and demonstrated a 

decrease in single and double stranded DNA breaks in the cells over-expressing HSF, 

HSP27 or HSP70. In other words, HSF and the HSR are essential to radioprotection, not 

only because the proteotoxic effects are minimized but also due to the fact that there are 

less DNA breaks. It seems that the HSPs may be able to stabilize genomic DNA after 

radiation exposure (Calini et al. 2003). The role of the HSR and HSF in radioprotection 

seems to be reinforced by our findings. HSF was only detected in Acc t0 where it was 

up-regulated 13.8 fold. In our array, other genes involved in the HSR were also only up-

regulated at this time, such as HSP70, and the greatest up-regulation of HSP60 was 

noted in this treatment group. 
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5.3.3.2.6 TRISOM 

The physiological function of TRISOM is to adjust the rapid equilibrium between 

dihydroxyacetone phosphate and glyceraldehyde-3-phosphate produced by aldolase in 

glycolysis, which is interconnected to the pentose phosphate pathway and to lipid 

metabolism via triosephosphates (Orosz et al. 2006). This gene is crucial to regulatory 

mechanisms of many cell types enabling the cells to meet metabolic demands (Dhar-

Chowdhury et al. 2005). TRISOM was silenced in all the viral treated groups, and we 

detected its up-regulation following Acc + Rad. These findings imply that this gene may 

facilitate normal functioning of the salivary gland cells following radiation. 

 

5.3.3.2.7 GSTP 

The glutathione S-transferase supergene family is an important part of cellular enzymic 

defense against endogenous and exogenous chemicals (Strange and Fryer 1999). A 

recent study used proteomics to compare a radioresistant and a radiosensitive cell line. 

GSTP was among the four genes they pinpointed as critical to radioresistance (Lee et al. 

2007). Similarly, an in vivo study comparing protein levels following radiation in 

radiosensitive tissues (spleen) versus radioresistant tissue (liver), showed higher levels of 

GSTP in the radioresistant tissue (An and Seong 2006). GSTP over-expression may 

prevent apoptosis via direct protein–protein interactions that modulate MAPK signaling 

(Dabrowski et al. 2006). A correlation of increased mortality with the suppression of 

radiation-inducible glutathione S-transferase gene expression has been noted (Nam et al. 

1998). Additionally, the glutathione redox system is essential for maintaining the normal 

structure of biological membranes (Karg et al. 2000). GSTP was up-regulated in the Acc 

+ Rad group, showed less up-regulation in the Rad group and was silenced in the HSP + 

Rad groups. As with the studies mentioned above, GSTP seems to be important to 

radioresistance. 

 

5.3.3.2.8 NADH 

NADH is part of the cytochrome p450 system. This system is vital to cellular functions 

such as xenobiotic metabolism as well as the metabolism of endogenous compounds 

including steroids, fatty acids and prostaglandins (Chandra and Kale 1999).  The system 

is also involved in protection against oxidative damage (Morichetti et al. 1989). NADH 

is an essential chemical defense gene (Goldstone et al. 2006). The activity of NADH 
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increases following exposure to ionizing radiation (Chandra and Kale 1999). In our 

array, we found NADH to be up-regulated following acclimation, and unexpressed in the 

other treatment groups.  

 

5.3.3.3 Array Conclusions 

• The potentially protective genes that we have discussed in our novel heat 

acclimation mediated radioprotection model belong to the same families as genes 

involved in the highly developed ischemic/reperfused heart model of heat 

acclimation mediated cross tolerance. It is evident that cross tolerance stems from 

protective shared pathways enhanced during heat acclimation. These include 

HIF1α and its target pathways, HSPs (or the HSR), anti-apoptotic genes and 

antioxidative pathways (Horowitz 2007). 

• Radiation alters gene expression. Genes responding to radiation are involved in 

the response to stress in general and oxidative stress in particular as well as 

apoptosis. 

• Radiation causes long term changes in gene expression. 

• In the short term, in acclimated animals, the genotype and phenotype show 

parallelism following radiation. 

• In the acclimated animals genotypic modifications remain despite the phenotypic 

return to control behavior. (This has also been seen in the heart). 
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5.4 Conclusions 

1) Heat acclimation mediated cross tolerance protects rat major salivary glands from 

radiation damage. 

 

2) Adenoviral transfer of HSP70 to rat submamdibular glands increases HSP70 levels to 

those achieved by acclimation. 

 

3) In the experimental model we employed, adenoviral gene transfer of HSP70 did not 

protect salivary glands from radiation damage. There are several possible reasons: 

• Considering that the damage following radiation is a complicated and drawn out 

process, and that adenoviral vectors only provide transient increases in protein 

levels, it is possible that levels of HSP70 need to be elevated for longer in order 

to protect the gland from this stress.  

• Additionally, heat acclimation alters numerous genes and cytoprotective 

processes, it is likely that in order to achieve radioprotection of the salivary 

glands a combination of protective genes is required.  

• Another option is that levels of HSP70 need to be elevated to higher than those 

achieved by acclimation when this protein is "working alone" as it is following 

viral administration, compared to when it is able to work in harmony with other 

genes and pathways involved in heat acclimation mediated cross tolerance.  

• Based on our results, it is possible that the protocol we used that included the 

administration of dexamethasone interfered with the protection that HSP70 may 

have been able to provide, by silencing other essential genes. 

 

4) Using our CDNA array to examine pathways leading to radioprotection in the salivary 

glands it is apparent that that the potentially cytoprotective genes are linked with all 

pathways described as causing radiation damage. Hence indirectly, we can not refute any 

of these avenues (I-V) (see 5.3.2). The mechanisms describing primary damage to the 

endothelium, and apoptosis are supported by or VEGF results. 

 

 

 



 105

 

 

6. References 

 

Abitbol A, Abdel-Wahab M, Lewin A, Troner M, Rodrigues MA, Hamilton-Nelson 

KL, Markoe A (2002) Phase II study of tolerance and efficacy of 

hyperfractionated radiotherapy and 5-fluorouracil, cisplatin, and paclitaxel 

(Taxol) in stage III and IV inoperable and/or unresectable head-and-neck 

squamous cell carcinoma: A-2 protocol. Int J Radiat Oncol Biol Phys 53:942-7 

Adesanya MR, Redman RS, Baum BJ, O'Connell BC (1996) Immediate Inflammatory 

responses to Adenovirus-Mediated Gene Transfer in Rat Salivary Glands. 

Human Gene Therapy 7:1085-1093 

Aframian DJ, Palmon A, Nahlieli O (2004) [Future therapy strategies for salivary 

gland impairment]. Refuat Hapeh Vehashinayim 21:43-50, 93 

Aframian DJ, Zheng C, Goldsmith CM, Nikolovski J, Cukierman E, Yamada KM, 

Mooney DJ, Birkedal-Hansen H, Baum BJ (2001) Using HSV-thymidine 

Kinase for safety in Allogenic Salivary Graft Cell Line. Tissue Engineering 

7:405-413 

Ahn JY, Liu X, Cheng D, Peng J, Chan PK, Wade PA, Ye K (2005) 

Nucleophosmin/B23, a nuclear PI(3,4,5)P(3) receptor, mediates the 

antiapoptotic actions of NGF by inhibiting CAD. Mol Cell 18:435-45 

Akerman GS, Rosenzweig BA, Domon OE, Tsai CA, Bishop ME, McGarrity LJ, 

Macgregor JT, Sistare FD, Chen JJ, Morris SM (2005) Alterations in gene 

expression profiles and the DNA-damage response in ionizing radiation-

exposed TK6 cells. Environ Mol Mutagen 45:188-205 

Al-Qahtani K, Hier MP, Sultanum K, Black MJ (2006) The role of submandibular 

salivary gland transfer in preventing xerostomia in the chemoradiotherapy 

patient. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 101:753-6 

An JH, Seong JS (2006) Proteomics analysis of apoptosis-regulating proteins in 

tissues with different radiosensitivity. J Radiat Res (Tokyo) 47:147-55 

Arai Y, Kubo T, Kobayashi K, Takeshita K, Takahashi K, Ikeda T, Imanishi J, 

Takigawa M, Hirasawa Y (1997) Adenovirus Vector Mediated Gene 

Transduction to Chondrocytes: In vitro Evaluation of Therapeutic Efficacy of 

Transforming Growth Factor B1 and HSP 70 gene Transduction. The Journal 

of Rheumatology ) 24 :(1787-1795  



 106

Arieli Y, Eynan M, Gancz H, Arieli R, Kashi Y (2003) Heat acclimation prolongs the 

time to central nervous system oxygen toxicity in the rat. Possible involvement 

of HSP72. Brain Res 962:15-20 

Arya R, Mallik M, Lakhotia SC (2007) Heat shock genes - integrating cell survival 

and death. J Biosci 32:595-610 

Baek SH, Min JN, Park EM, Han MY, Lee YS, Lee YJ, Park YM (2000) Role of 

small HSP25 in radioresistance and glutathione-redox cycle. J Cell Physiol 

183:100-7 

Barka T, Gresik EW, van Der Noen H (2000) Transduction of TAT-Acc-b-

galactosidase Fusion Protein into Salivary Gland-derived Cells and Organ 

Cultures of the Developing Gland, and into Rat Submandibular Gland in vivo. 

The Journal of Histochemistry & Cytochemistry 48:1453-1460 

Barka T, Van der Noen HM (1996) Retrovirus Mediated Gene transfer to Salivary 

glands In vivo. Human Gene therapy 7:613-8 

Baum BJ, Atkinson JC, Baccaglini L, Berkman ME, Brahim JS, Davis C, Lancaster 

HE, Marmary Y, O'Connell AC, O'Connell BC, Wang S, Xu Y, Yamagishi H, 

Fox PC (1998) The mouth is a gateway to the Body: Gene therapy in 21st 

century Dental practice. CDA Journal 26:455-450 

Baum BJ, Wellner RB, Zheng C (2002) Gene transfer to salivary glands. Int Rev 

Cytol 213:93-146 

Baum BJ, Zheng C, Cotrim AP, Goldsmith CM, Atkinson JC, Brahim JS, Chiorini 

JA, Voutetakis A, Leakan RA, Van Waes C, Mitchell JB, Delporte C, Wang S, 

Kaminsky SM, Illei GG (2005) Transfer of the AQP1 cDNA for the correction 

of radiation-induced salivary hypofunction. Biochim Biophys Acta 

Bayley M, Petersen SO, Knigge T, Kohler H, Holmstrup M (2001) Drought 

acclimation confers cold tolerance in the soil collembolan Folsomia candida. J 

Insect Physiol 47:1197-1204 

Beaucamp N, Harding TC, Geddes BJ, Williams J, Uney JB (1998) Overexpression of 

hsp70i facilitates reactivation of intracellular proteins in neurones and protects 

them from denaturing stress. FEBS Lett 441:215-9 

Beit-Yannai E, Kohen R, Horowitz M, Trembovler V, Shohami E (1997) Changes of 

biological reducing activity in rat brain following closed head injury: a cyclic 

voltammetry study in normal and heat-acclimated rats. J Cereb Blood Flow 

Metab 17:273-279 



 107

Benihoud K, Yeh P, M P (1999) Adenovirus vectors for gene delivery. Current 

Opinion in Biotechnology 10:440-447 

Bhurgri Y, Bhurgri A, Usman A, Pervez S, Kayani N, Bashir I, Ahmed R, Hasan SH 

(2006) Epidemiological review of head and neck cancers in Karachi. Asian 

Pac J Cancer Prev 7:195-200 

Bian ZM, Elner SG, Elner VM (2007) Regulation of VEGF mRNA expression and 

protein secretion by TGF-beta2 in human retinal pigment epithelial cells. Exp 

Eye Res 84:812-22 

Blake MJ, Gershon D, Fargnoli J, Holbrook NJ (1990) Discordant expression of heat 

shock protein mRNAs in tissues of heat-stressed rats. J Biol Chem 265:15275-

9 

Bolli R (2007) Preconditioning: a paradigm shift in the biology of myocardial 

ischemia. Am J Physiol Heart Circ Physiol 292:H19-27 

Bonta PI, Pols TW, de Vries CJ (2007) NR4A nuclear receptors in atherosclerosis and 

vein-graft disease. Trends Cardiovasc Med 17:105-11 

Borkovich KA, Farrelly FW, Finkelstein DB, Taulien J, Lindquist S (1989) hsp82 is 

an essential protein that is required in higher concentrations for growth of cells 

at higher temperatures. Mol Cell Biol 9:3919-30 

Bouchama A, Knochel JP (2002) Heat stroke. N Engl J Med 346:1978-88 

Bradford M (1976) A refined and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal. 

Biochem. 72:248-254 

Brady M, Vlatkovic N, Boyd MT (2005) Regulation of p53 and MDM2 activity by 

MTBP. Mol Cell Biol 25:545-53 

Branchi R, Fancelli V, De Salvador A, Giovannoni A (2003) Cancer of the head and 

neck: general principles of radiobiology, radiotherapy and chemotherapy. 

Radiation damage. Minerva Stomatol 52:411-9, 420-5 

Brizel DM, Wasserman TH, Henke M, Strnad V, Rudat V, Monnier A, Eschwege F, 

Zhang J, Russell L, Oster W, Sauer R (2000) Phase III Randomized Trial of 

Amifostine as a Radioprotector in Head and Neck Cancer. Journal of  Clinical 

Oncology 18:3339-33345 

Brown MA, Upender RP, Hightower LE, Renfro JL (1992) Thermoprotection of a 

functional epithelium: heat stress effects on transepithelial transport by 



 108

flounder renal tubule in primary monolayer culture. Proc Natl Acad Sci U S A 

89:3246-50 

Brown MA, Zhu L, Schmidt C, Tucker PW (2007) Hsp90--from signal transduction 

to cell transformation. Biochem Biophys Res Commun 363:241-6 

Buchner J (1996) Supervising the fold: functional principles of molecular chaperones. 

Faseb J 10:10-18 

Bukau B, Horwich AL (1998) The HSP 70 and HSP 60 Chaperone Machines. Cell 

92:351-366 

Burlage FR, Coppes RP, Meertens H, Stokman MA, Vissink A (2001) Parotid and 

submandibular/sublingual salivary flow during high dose radiotherapy. 

Radiother Oncol 61:271-4 

Calderwood S, Freeman M, Laszlo A, Li G, Subjeck J, Weber L (1996) The stress 

response--a radiation study section workshop. Radiat Res 145:107-117 

Calini V, Urani C, Camatini M (2003) Overexpression of HSP70 is induced by 

Ionizing radiation in C3H10T1/2 cells and protects from DNA damage. 

Toxicology in vitro 17:561-566 

Camphausen K, Tofilon PJ (2007) Inhibition of Hsp90: a multitarget approach to 

radiosensitization. Clin Cancer Res 13:4326-30 

Cao H, Koehler D, Hu J (2004) Adenoviral vectors for gene replacement therapy. 

Viral Immunol 17:327 -333  

Carpenter M, Epperly MW, Agarwal A, Nie S, Hricisak L, Niu Y, Greenberger JS 

(2005) Inhalation delivery of manganese superoxide dismutase-

plasmid/liposomes protects the murine lung from irradiation damage. Gene 

Ther 12:685-93 

Chandel NS, McClintock DS, Feliciano CE, Wood TM, Melendez JA, Rodriguez 

AM, Schumacker PT (2000) Reactive oxygen species generated at 

mitochondrial complex III stabilize hypoxia-inducible factor-1alpha during 

hypoxia: a mechanism of O2 sensing. J Biol Chem 275:25130-8 

Chandra D ,Kale RK (1999) Influence of gamma-rays on the mouse liver cytochrome 

P450 system and its modulation by phenothiazine drugs. Int J Radiat Biol 

75:335-49 

Cheng VS, Downs J, Herbert D, Aramany M (1981) The function of the parotid gland 

following radiation therapy for head and neck cancer. Int J Radiat Oncol Biol 

Phys 7:253-8 



 109

Cohen O, Kanana H, Zoizner R, Gross C, Meiri U, Stern MD, Gerstenblith G, 

Horowitz M (2007) Altered Ca2+ handling and myofilament desensitization 

underlie cardiomyocyte performance in normothermic and hyperthermic heat-

acclimated rat hearts. J Appl Physiol 103:266-75 

Cooper JS, Fu K, Marks J, Silverman S (1995) Late effects of radiation therapy in the 

head and neck region. Int J Radiat Oncol Biol Phys 31:1141-1164 

Coppes RP, Meter A, Latumalea SP, Roffel AF, Kampinga HH (2005) Defects in 

muscarinic receptor-coupled signal transduction in isolated parotid gland cells 

after in vivo irradiation: evidence for a non-DNA target of radiation. Br J 

Cancer 92:539-46 

Coppes RP, Vissink A, Konings AW (2002) Comparison of radiosensitivity of rat 

parotid and submandibular glands after different radiation schedules. 

Radiother Oncol 63:321-8 

Coppes RP, Vissink A, Zeilstra LJ, Konings AW (1997a) Muscarinic receptor 

stimulation increases tolerance of rat salivary gland function to radiation 

damage. Int J Radiat Biol 72:615-625 

Coppes RP, Zeilstra LJ, Kampinga HH, Konings AW (2001) Early to late sparing of 

radiation damage to the parotid gland by adrenergic and muscarinic receptor 

agonists. Br J Cancer  85:1055-63  

Coppes RP, Zeilstra LJ, Vissink A, Konings AW (1997b) Sialogogue-related 

radioprotection of salivary gland function: the degranulation concept revisited. 

Radiat Res 148:240-7 

Cotrim AP, Hyodo F, Matsumoto K, Sowers AL, Cook JA, Baum BJ, Krishna MC, 

Mitchell JB (2007a) Differential radiation protection of salivary glands versus 

tumor by Tempol with accompanying tissue assessment of Tempol by 

magnetic resonance imaging. Clin Cancer Res 13:4928-33 

Cotrim AP, Sowers A, Mitchell JB, Baum BJ (2007b (Prevention of Irradiation-

induced Salivary Hypofunction by Microvessel Protection in Mouse Salivary 

Glands. Mol Ther 15:2101-6 

Dabrowski MJ, Maeda D, Zebala J, Lu WD, Mahajan S, Kavanagh TJ, Atkins WM 

(2006) Glutathione S-transferase P1-1 expression modulates sensitivity of 

human kidney 293 cells to photodynamic therapy with hypericin. Arch 

Biochem Biophys 449:94-103 



 110

Dai Q, Zhang C, Wu Y, McDonough H, Whaley RA, Godfrey V, Li HH, 

Madamanchi N, Xu W, Neckers L, Cyr D, Patterson C (2003) CHIP activates 

HSF1 and confers protection against apoptosis and cellular stress. Embo J 

22:5446-58 

Daniels PJ, Gustafson SA, French D, Wang Y, DePond W, McArthur CP (2000) 

Interferon-mediated block in cell cycle and altered integrin expression in a 

differentiated salivary gland cell line (HSG) cultured on Matrigel. J Interferon 

Cytokine Res 20:1101-9 

de la Cal C, Lomniczi A, Mohn CE, De Laurentiis A, Casal M, Chiarenza A, Paz D, 

McCann SM, Rettori V, Elverdin JC (2006) Decrease in salivary secretion by 

radiation mediated by nitric oxide and prostaglandins. 

Neuroimmunomodulation 13:19-27 

De Maio A (1999) Heat shock proteins: facts, thoughts, and dreams. Shock 11:1-12 

Delporte C, O'Connell BC, He X, Lancaster HE, O'Connell AC, Agre P, Baum BJ 

(1997) Increased fluid secretion after adenoviral-mediated transfer of the 

aquaporin-1 cDNA to irradiated rat salivary glands. Proc Natl Acad Sci U S A 

94:3268-73 

Dhar-Chowdhury P, Harrell MD, Han SY, Jankowska D, Parachuru L, Morrissey A, 

Srivastava S, Liu W, Malester B, Yoshida H, Coetzee WA (2005) The 

glycolytic enzymes, glyceraldehyde-3-phosphate dehydrogenase, triose-

phosphate isomerase, and pyruvate kinase are components of the K(ATP) 

channel macromolecular complex and regulate its function. J Biol Chem 

280:38464-70 

Dietz T, Somero G (1992) The threshold induction temperature of the 90-kDa heat 

shock protein is subject to acclimatization in eurythermal goby fishes (genus 

Gillichthys). Proceedings National Academy of Sciences USA 89:3389-93 

Dikshit P, Jana NR (2007) The co-chaperone CHIP is induced in various stresses and 

confers protection to cells. Biochem Biophys Res Commun 357:761-5 

Ding XZ, Tsokos GC, Kiang JG (1997a) Heat shock factor-1 protein in heat shock 

factor-1 gene-transfected human epidermoid A431 cells requires 

phosphorylation before inducing heat shock protein-70 production. J Clin 

Invest 99:136-143. 



 111

Ding XZ, Tsokos GC, Kiang JG (1998) Overexpression of HSP-70 inhibits the 

phosphorylation of HSF1 by activating protein phosphatase and inhibiting 

protein kinase C activity. Faseb J 12:451-459 

Ding XZ, Tsokos GC, Smallridge RC, Kiang JG (1997b) Heat shock gene-expression 

in HSP70 and HSF1 gene-transfected human epidermoid A-431 cells. Mol 

Cell Biochem 167:145-152 

Dirix P, Nuyts S, Vander Poorten V, Delaere P, Van den Bogaert W (2007) Efficacy 

of the BioXtra dry mouth care system in the treatment of radiotherapy-induced 

xerostomia. Support Care Cancer 

Dodds MW, Johnson DA, Yeh CK (2005) Health benefits of saliva: a review. J Dent 

33:223-33 

Eid A, Nitzan DW, Shiloni E, Neuman A, Y. M (1997) Salivary glad transplantation: 

a canine model. Transplantation 64:679-683 

Eisbruch A, Ship JA, Kim HM, Ten Haken RK (2001) Partial irradiation of the 

parotid gland. Semin Radiat Oncol 11:234-9 

Eisbruch A, Ten Haken RK, Kim HM, Marsh LH ,Ship JA (1999) Dose, volume, and 

function relationships in parotid salivary glands following conformal and 

intensity-modulated irradiation of head and neck cancer. Int J Radiat Oncol 

Biol Phys 45:577-87 

Eynan M, PALMON A, HASIN Y, HOROWITZ M (1999) Heat acclimation induces 

changes in cardiac mechanical performance: the role of thyroid hormone. 

American Physiological society 276:R550-558 

Fallaux FJ, van der Eb AJ, Hoeben RC (1999) Who's afraid of replication-competent 

adenoviruses? Gene Ther 6:709-12 

Feder ME, Hofmann GE (1999) Heat-shock proteins, molecular chaperones, and the 

stress response: evolutionary and ecological physiology. Annu Rev Physiol 

61:243-82 

Feige U, Polla BS (1994) Hsp70--a multi-gene, multi-structure, multi-function family 

with potential clinical applications. Experientia 50:979-986 

Flahaut S, Hartke A, Giard JC, Benachour A, Boutibonnes P, Auffray Y (1996) 

Relationship between stress response toward bile salts, acid and heat treatment 

in Enterococcus faecalis. FEMS Microbiol Lett 138:49-54 

Flotte TR, Ferkol TW (1997) Genetic therapy. Past, present, and future. Pediatr Clin 

North Am 44:153-178 



 112

Freeman ML, Borrelli MJ, Meredith MJ, Lepock JR (1999) On the path to the heat 

shock response: destabilization and formation of partially folded protein 

intermediates, a consequence of protein thiol modification. Free Radic Biol 

Med 26:737-45 

Gao GP, Engdahl RK, Wilson JM (2000) A cell line for high-yield production of E1-

deleted adenovirus vectors without the emergence of replication-competent 

virus. Hum Gene Ther 11:213-9 

Garrido C, Brunet M, Didelot C, Zermati Y, Schmitt E, Kroemer G (2006) Heat shock 

proteins 27 and 70: anti-apoptotic proteins with tumorigenic properties. Cell 

Cycle 5:2592-601 

Gaugler MH (2005) A unifying system: does the vascular endothelium have a role to 

play in multi-organ failure following radiation exposure? Br J Radiol 

Supplement 27:100-105 

Gehrmann M, Marienhagen J, Eichholtz-Wirth H, Fritz E, Ellwart J, Jaattela M, Zilch 

T, Multhoff G (2005) Dual function of membrane-bound heat shock protein 70 

(Hsp70), Bag-4, and Hsp40: protection against radiation-induced effects and 

target structure for natural killer cells. Cell Death Differ 12:38-51 

Gelis C, Mavon A, Vicendo P (2005) The contribution of calpains in the down-

regulation of Mdm2 and p53 proteolysis in reconstructed human epidermis in 

response to solar irradiation. Photochem Photobiol 81:975-82 

Glowala M, Mazurek A, Piddubnyak V, Fiszer-Kierzkowska A, Michalska J, 

Krawczyk Z (2002) HSP70 overexpression increases resistance of V79 cells to 

cytotoxicity of airborne pollutants, but does not protect the mitotic spindle 

against damage caused by airborne toxins. Toxicology 170:211-219 

Goldstone JV, Hamdoun A, Cole BJ, Howard-Ashby M, Nebert DW, Scally M, Dean 

M, Epel D ,Hahn ME, Stegeman JJ (2006) The chemical defensome: 

environmental sensing and response genes in the Strongylocentrotus 

purpuratus genome. Dev Biol 300:366-84 

Graham FL, Smiley J, Russell WC, Nairn R (1977) Characteristics of a human cell 

line transformed by DNA from human adenovirus type 5. J Gen Virol 36:59-

74 

Greenberger JS, Epperly MW (2007) Review. Antioxidant gene therapeutic 

approaches to normal tissue radioprotection and tumor radiosensitization. In 

vivo 21:141-6 



 113

Greenberger JS, Epperly MW, Gretton J, Jefferson M, Nie S, Bernarding M, Kagan 

V, Guo HL (2003) Radioprotective gene therapy. Curr Gene Ther 3:183-95 

Grossin L, Cournil-Henrionnet C, Pinzano A, Gaborit N, Dumas D, Etienne S, Stoltz 

JF, Terlain B, Netter P, Mir LM, Gillet P (2006) Gene transfer with HSP 70 in 

rat chondrocytes confers cytoprotection in vitro and during experimental 

osteoarthritis. Faseb J 20:65-75 

Guchelaar HJ, Vermes A, Meerwaldt JH (1997) Radiation-induced xerostomia: 

pathophysiology, clinical course and supportive treatment. Support Care 

Cancer 5:281-8 

Guo H, Seixas-Silva JA, Jr., Epperly MW, Gretton JE, Shin DM, Bar-Sagi D, Archer 

H, Greenberger JS (2003a) Prevention of radiation-induced oral cavity 

mucositis by plasmid/liposome delivery of the human manganese superoxide 

dismutase (SOD2) transgene. Radiat Res 159:361-70 

Guo HL, Wolfe D, Epperly MW, Huang S, Liu K, Glorioso JC, Greenberger J, 

Blumberg D (2003b) Gene transfer of human manganese superoxide 

dismutase protects small intestinal villi from radiation injury. J Gastrointest 

Surg 7:229-35; discussion 235-6 

Guo HL, Zhao HW, Xu ZF, Ma H, Song XL, Guan J, Li ZJ, Yu JM (2005) 

[Manganese superoxide dismutase gene transfection of mouse small intestinal 

epithelial cells protects them from radiation injury]. Zhonghua Zhong Liu Za 

Zhi 27:672-5 

Gusarova V, Caplan A, Brodsky J, Fisher E (2001) Apoprotein B degradation is 

promoted by the molecular chaperones hsp90 and hsp70. Journal of Biological 

Chemistry 276:24891-24900 

Hackl H, Cabo FS, Sturn A, Wolkenhauer O, Trajanoski Z (2004) Analysis of DNA 

microarray data. Curr Top Med Chem 4:1357-70 

Haddad JJ (2002) Recombinant human interleukin (IL)-1 beta-mediated regulation of 

hypoxia-inducible factor-1 alpha (HIF-1 alpha) stabilization, nuclear 

translocation and activation requires an antioxidant/reactive oxygen species 

(ROS)-sensitive mechanism. Eur Cytokine Netw 13:250-60 

Hartl FU, Hayer-Hartl M (2002) Molecular chaperones in the cytosol: from nascent 

chain to folded protein. Science 295:1852-8 

Hausenloy DJ, Yellon DM (2006 (Survival kinases in ischemic preconditioning and 

postconditioning. Cardiovasc Res 70:240-53 



 114

Hausenloy DJ, Yellon DM (2007) Preconditioning and postconditioning: united at 

reperfusion. Pharmacol Ther 116:173-91 

He T-C, Zhou S, Da Costa LT, Kinzler KW, Vogelstein B (1998a) A simplified 

system for generating recombinant adenoviruses. Proc Natl Acad Sci U S A 

95:2509-2514 

He X, Goldsmith CM, Marmary Y, Wellner RB, Parlow AF, Nieman LK, Baum BJ 

(1998b) Systemic action of human growth hormone following adenovirus-

mediated gene transfer to rat submandibular glands. Gene Ther 5:537-541 

He XJ, Ship J, Wu XZ, Brown AM, Wellner RB (1989) Beta-adrenergic control of 

cell volume and chloride transport in an established rat submandibular cell 

line. J Cell Physiol 138:527-535 

Henriksson R, Frojd O, Gustafsson H, Johansson S, Yi-Qing C, Franzen L, Bjermer L 

(1994) Increase in mast cells and hyaluronic acid correlated to irradiation 

induced damage in salivary glands: the parotid and submandibular glands 

differ in radiation sensitivity. Br J Cancer 69:320-326 

Hewitt DP, Mark PJ, Waddell BJ (2006) Glucocorticoids prevent the normal increase 

in placental vascular endothelial growth factor expression and placental 

vascularity during late pregnancy in the rat. Endocrinology 147 :5568-74  

Hightower LE (1991) Heat shock, stress proteins, chaperones, and proteotoxicity. Cell 

66:191-7 

Hiratsuka M, Mora BN, Yano M, Mohanakumar T, Patterson GA (1999) Gene 

Transfer of HSP70 Protects Lung Grafts From Ischemia-Reperfusion Injury. 

Ann Thorac Surg 67:1421-1427 

Hiratsuka M, Yano M, Mora BN, Nagahiro I, Cooper JD, Patterson GA (1998) Heat 

shock pretreatment protects pulmonary isografts from subsequent ischemia-

reperfusion injury. J Heart Lung Transplant 17:1238-46 

Ho QT, Kuo CJ (2007) Vascular endothelial growth factor: biology and therapeutic 

applications. Int J Biochem Cell Biol 39:1349-57 

Honkaniemi J, Zhang JS, Longo FM, Sharp FR (2000) Stress induces zinc finger 

immediate early genes in the rat adrenal gland. Brain Res 877:203-8 

Hoque A ,Liu X, Kagami H, Swaim W, Wellner R, O'Connell B, Ambudkar I, Baum 

B (2000) Construction and function of a recombinant adenovirus encoding a 

human aquaporin 1-green fluorescent protein fusion product. Cancer Gene 

Therapy 7:476-485 



 115

Hoque AT, Baccaglini L ,Baum BJ (2001) Hydroxychloroquine enhances the 

endocrine secretion of adenovirus-directed growth hormone from rat 

submandibular glands in vivo. Hum Gene Ther 12:1333-41 

Horowitz M (1976) Acclimatization of rats to moderate heat: body water distribution 

and adaptability of the submaxillary salivary gland. Pflugers Arch 366:173-

176 

Horowitz M (1998) Do Cellular Heat Acclimation Responses Modulate Central 

Thermoregulatory Activity? News Physiol Sci 13:218-225 

Horowitz M (2001) Heat acclimation: phenotypic plasticity and cues to underlying 

mechanisms. J Thermal Biol 26:357-363 

Horowitz M (2002) From molecular and cellular to integrative heat defense during 

exposure to chronic heat. Comp Biochem Physiol A Mol Integr Physiol 

131:475-83 

Horowitz M (2003) Matching the heart to heat-induced circulatory load: heat-

acclimatory responses. News Physiol Sci 18:215-221 

Horowitz M (2007) Heat acclimation and cross-tolerance against novel stressors: 

genomic-physiological linkage. Prog Brain Res 162:373-92 

Horowitz M, Adler JH (1983) Plasma volume regulation during heat stress: albumin 

synthesis vs capillary permeability. A comparison between desert and non-

desert species. Comp Biochem Physiol A 75:105-10 

Horowitz M, Argov D, Mizrahi R (1983) Interrelationships between heat acclimation 

and salivary cooling mechanism in conscious rats. Comp Biochem Physiol A 

74:945-949 

Horowitz M, Eli-Berchoer L, Wapinski I, Friedman N, Kodesh E (2004) Stress-

related genomic responses during the course of heat acclimation and its 

association with ischemic-reperfusion cross-tolerance. J Appl Physiol 

97:1496-507 

Horowitz M, Kaspler P, Marmary Y, Oron Y (1996) Evidence for contribution of 

effector organ cellular responses to the biphasic dynamics of heat acclimation. 

J Appl Physiol 80:77-85 

Horowitz M, Meiri U (1985) Altered responsiveness to parasympathetic activation of 

submaxillary salivary gland in the heat-acclimated rat. Comp Biochem Physiol 

A 80:57-60 



 116

Horowitz M, Meiri U (1993) Central and peripheral contributions to control of heart 

rate during heat acclimation. Pflugers Arch 422:386-92 

Horowitz M, Oron Y, Atias E (1978) Amylase activity, glycoprotein and electrolyte 

concentration in rat's submaxillary gland during heat acclimation. Comp 

Biochem Physiol B 60:351-354 

Horowitz M, Soskolne WA (1978) Cellular dynamics of rats' submaxillary gland 

during heat acclimatization. J Appl Physiol 44:21-4 

Houchen CW, George RJ, Sturmoski MA, Cohn SM (1999) FGF-2 enhances 

intestinal stem cell survival and its expression is induced after radiation injury. 

Am J Physiol 276:G249-58 

Hsu CY, Yung BY (2000) Over-expression of nucleophosmin/B23 decreases the 

susceptibility of human leukemia HL-60 cells to retinoic acid-induced 

differentiation and apoptosis. Int J Cancer 88:392-400 

Hunt CR, Dix DJ, Sharma GG, Pandita RK, Gupta A, Funk M, Pandita TK (2004) 

Genomic instability and enhanced radiosensitivity in Hsp70.1- and Hsp70.3-

deficient mice. Mol Cell Biol 24:899-911 

Imler JL, Chartier C, Dreyer D, Dieterle A, Sainte-Marie M, Faure T, Pavirani A, 

Mehtali M (1996) Novel complementation cell lines derived from human lung 

carcinoma A549 cells support the growth of E1-deleted adenovirus vectors. 

Gene Ther 3:75-84 

Izaki K, Kinouchi H, Watanabe K, Owada Y, Okubo A, Itoh H, Kondo H, Tashima Y, 

Tamura S, Yoshimoto T, Mizoi K (2001) Induction of mitochondrial heat 

shock protein 60 and 10 mRNAs following transient focal cerebral ischemia in 

the rat. Brain Res Mol Brain Res 88:14-25 

Jellema AP, Slotman BJ, Doornaert P, Leemans CR, Langendijk JA (2007) Impact of 

Radiation-Induced Xerostomia on Quality of Life after Primary Radiotherapy 

among Patients with Head and Neck Cancer. Int J Radiat Oncol Biol Phys 

Jeong J, Hong SJ, Ju YJ, Kim BY, Park MJ, Kim TH, Park CI, Choi KY, Cho MH, 

Kim SH, Lee H, Lee KH (2006) Temporal cDNA microarray analysis of gene 

expression in human hepatocellular carcinoma upon radiation exposure. Oncol 

Rep 15:33-48 

Jha N, Seikaly H, McGaw T, Coulter L (2000) Submandibular salivary gland transfer 

prevents radiation induced exrostomia. Int J Radiat Oncol Biol Phys 46 



 117

Johnson JT, Ferretti GA, Nethery WJ, Valdez IH, Fox PC, Ng D, Muscoplat CC, 

Gallagher SC (1993) Oral pilocarpine for post-irradiation xerostomia in 

patients with head and neck cancer. N Engl J Med 329:390-5 

Joraku A, Sullivan CA, Yoo JJ, Atala A (2005) Tissue engineering of functional 

salivary gland tissue. Laryngoscope 115:244-8 

Jung D, Hecht D, Ho S, O'CONNELL B, Kleinman H, HoffMAN M (2000) PKC snf 

ERK1/2 regulate amylase promotor Activity During Differentiation of a 

Salivary Gland Cell Line. Journal of Cellular Physiology 185:215-225 

Kabakov AE, Malyutina YV, Latchman DS (2006) Hsf1-mediated stress response can 

transiently enhance cellular radioresistance. Radiat Res 165:410-23 

Kagami H, O'Connell BC, Baum BJ (1996) Evidence for the Systemic Delivery of 

Transgene products from Salivary glands. Hum Gene Ther 7:2177-2184 

Kahn ST, Johnstone PA (2005) Management of xerostomia related to radiotherapy for 

head and neck cancer. Oncology (Williston Park) 19:1827-32; discussion 

1832-4, 1837-9 

Kampinga HH, Brunsting JF, Stege GJ, Burgman PW, Konings AW (1995) Thermal 

protein denaturation and protein aggregation in cells made thermotolerant by 

various chemicals: role of heat shock proteins. Exp Cell Res 219:536-46 

Karg E, Nemeth I, Horanyi M ,Pinter S, Vecsei L, Hollan S (2000) Diminished blood 

levels of reduced glutathione and alpha-tocopherol in two triosephosphate 

isomerase-deficient brothers. Blood Cells Mol Dis 26:91-100 

Kaspler P, Horowitz M (2001) Heat acclimation and heat stress have different effects 

on cholinergic-induced calcium mobilization. Am J Physiol Regul Integr 

Comp Physiol 280:R1688-96 

Kassem H, Sangar V, Cowan R, Clarke N, Margison G (2002) A potentiial role of 

Heat Shock Proteins and Nicotinamide N-Methyl Transferase in predicting 

response to radiation in Bladder Cancer. International  Journal of Cancer 

101:454-460 

Kawaguchi M, Yamagishi H (1995) [Receptive systems for drugs in salivary gland 

cells]. Nippon Yakurigaku Zasshi 105:295-303 

Kloog Y, Horowitz M, Meiri U, Galron R, Avron A (1985) Regulation of 

submaxillary gland muscarinic receptors during heat acclimation. Biochim 

Biophys Acta 845:428-35 



 118

Kojaoghlanian T, Flomeberg P, Horwitz M (2003) The impact of adenovirus infection 

on the immunocompromised host. Rev Med Virol 13:155-171 

Konings AW (1981) Radiation-induced efflux of potassium ions and haemoglobin in 

bovine erythrocytes at low doses and low dose-rates. Int J Radiat Biol Relat 

Stud Phys Chem Med 40:441-4 

Konings AW, Coppes RP, Vissink A (2005) On the mechanism of salivary gland 

radiosensitivity. Int J Radiat Oncol Biol Phys 62:1187-94 

Kregel KC (2002) Heat shock proteins: modifying factors in physiological stress 

responses and acquired thermotolerance. J Appl Physiol 92:2177-86 

Kubo T, Arai Y, Takahashi K, Ikeda T, Ohashi S, Kitajima I, Mazda O, Takigawa M, 

Imanishi J, Hirasawa Y (2001) Expression of transduced HSP70 gene protects 

chondrocytes from stress. Journal of Rheumat 28:330-335 

Kumar P, Ambasta RK, Veereshwarayya V, Rosen KM, Kosik KS, Band H, Mestril 

R, Patterson C, Querfurth HW (2007) CHIP and HSPs interact with beta-APP 

in a proteasome-dependent manner and influence Abeta metabolism. Hum 

Mol Genet 16:848-64 

Kurki S, Peltonen K, Laiho M (2004) Nucleophosmin, HDM2 and p53: players in UV 

damage incited nucleolar stress response. Cell Cycle 3:976-9 

Kuten A, Ben-Aryeh H, Berdicevsky I, Ore L, Szargel R, Gutman D, Robinson E 

(1986) Oral side effects of head and neck irradiation: correlation between 

clinical manifestations and laboratory data. Int J Radiat Oncol Biol Phys 

12:401-405 

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head 

of bacteriophage T4. Nature 227:680-685 

Laplace JM, Boutibonnes P, Auffray Y (1996) Unusual resistance and acquired 

tolerance to cadmium chloride in Enterococcus faecalis. J Basic Microbiol 

36:311-7 

Latchman DS (2001) Heat shock proteins and cardiac protection. Cardiovasc Res 

51:637-646 

Lau S, Patnaik N, Sayen MR, Mestril R (1997) Simultaneous overexpression of two 

stress proteins in rat cardiomyocytes and myogenic cells confers protection 

against ischemia-induced injury. Circulation 96:2287-94 



 119

Lazowski KW, Li J, Delporte C, Baum BJ (1995) Evidence for the presence of a Hg-

inhibitable water-permeability pathway and aquaporin 1 in A5 salivary 

epithelial cells. J Cell Physiol 164:613-619 

Lee C, Smith BA, Bandyopadhyay K, Gjerset RA (2005) DNA damage disrupts the 

p14ARF-B23(nucleophosmin) interaction and triggers a transient subnuclear 

redistribution of p14ARF. Cancer Res 65:9834-42 

Lee HJ, Lee YJ ,Kwon HC, Bae S, Kim SH, Min JJ, Cho CK, Lee YS (2006) 

Radioprotective effect of heat shock protein 25 on submandibular glands of 

rats. Am J Pathol 169:1601-11 

Lee N, Akazawa C, Akazawa P, Quivey JM, Tang C, Verhey LJ, Xia P (2004) A 

forward-planned treatment technique using multisegments in the treatment of 

head-and-neck cancer. Int J Radiat Oncol Biol Phys 59:584-94 

Lee SJ, Choi SA, Lee KH, Chung HY, Kim TH, Cho CK, Lee YS (2001) Role of 

inducible heat shock protein 70 in radiation-induced cell death. Cell Stress 

Chaperones 6:273-281 

Lee YJ, Park GH, Cho HN, Cho CK, Park YM, Lee SJ, Lee YS (2002) Induction of 

adaptive response by low-dose radiation in RIF cells transfected with Hspb1 

(Hsp25) or inducible Hspa (Hsp70). Radat Res 157:371-379 

Lee YS, Chang HW, Jeong JE, Lee SW, Kim SY (2007) Proteomic analysis of two 

head and neck cancer cell lines presenting different radiation sensitivity. Acta 

Otolaryngol:1-7 

Levi E, Vivi A, Hasin Y, Tassini M, Navon G, Horowitz M (1993) Heat acclimation 

improves cardiac mechanics and metabolic performance during ischemia and 

reperfusion. J Appl Physiol 75:833-9 

Levy E, Navon G, HASIN Y, HOROWITZ M (1997) Chronic heat improves 

mechanical and metabolic performance of trained rat heart upon ischemia and 

reperfusion. American Journal of Physiology Heart Circ Physiol 272:H2085-

H2094 

Li QX, Ke N, Sundaram R, Wong-Staal F (2006) NR4A1, 2, 3--an orphan nuclear 

hormone receptor family involved in cell apoptosis and carcinogenesis. Histol 

Histopathol 21:533-40 

Lindquist S (1986 (The heat-shock response. Annu Rev Biochem 55:1151-91 

Lochmuller H, Jani A, Huard J, Prescott S, Simoneau M, Massie B, Karpati G, Acsadi 

G (1994) Emergence of early region 1-containing replication-competent 



 120

adenovirus in stocks of replication-defective adenovirus recombinants (delta 

E1 + delta E3) during multiple passages in 293 cells. Hum Gene Ther 5:1485-

91 

Lombaert IM, Wierenga PK, Kok T, Kampinga HH, deHaan G, Coppes RP (2006) 

Mobilization of bone marrow stem cells by granulocyte colony-stimulating 

factor ameliorates radiation-induced damage to salivary glands. Clin Cancer 

Res 12:1804-12 

Ma K, Mallidis C, Bhasin S, Mahabadi V, Artaza J, Gonzalez-Cadavid N, Arias J, 

Salehian B (2003) Glucocorticoid-induced skeletal muscle atrophy is 

associated with up-regulation of myostatin gene expression. Am J Physiol 

Endocrinol Metab 285:E363-71 

Malaker K, Das RM (1988a) Effect of superoxide dismutase on early radiation injury 

of lungs in the rat. Mol Cell Biochem 84:141-5 

Malaker K, Das RM (1988b) The effect of superoxide dismutase on the pathogenesis 

of radiation-induced pulmonary damage in the rat. Pharmacol Ther 39:327-30 

Maloyan A, Eli-Berchoer L, Semenza GL, Gerstenblith G, Stern MD, Horowitz M 

(2005) HIF-1alpha-targeted pathways are activated by heat acclimation and 

contribute to acclimation-ischemic cross-tolerance in the heart. Physiol 

Genomics 23:79-88 

Maloyan A, Horowitz M (2002) beta-Adrenergic signaling and thyroid hormones 

affect HSP72 expression during heat acclimation. J Appl Physiol 93:107-115 

Maloyan A, Palmon A, Horowitz M (1999) Heat acclimation increases the basal 

HSP72 level and alters its production dynamics during heat stress. Am J 

Physiol 276:R1506-1515 

Mastrangeli A, O'Connell B, Aladib W, Fox PC, Baum BJ, Crystal RG (1994) Direct 

in vivo adenovirus-mediated gene transfer to salivary glands. Am J Physiol 

266:G1146-1155 

Mayer MP, Bukau B (2005) Hsp70 chaperones: cellular functions and molecular 

mechanism. Cell Mol Life Sci 62:670-84 

McConnell MJ, Imperiale MJ (2004) Biology of adenovirus and its use as a vector for 

gene therapy. Hum Gene Ther 15:1022-33 

McDonald S, Meyerowitz C, Smudzin T, Rubin P (1994) Preliminary results of a pilot 

study using WR-2721 before fractioned irradiation of the head and neck to 



 121

reduce salivary gland dysfunction .International Journal of Radiation 

Oncololgy Biology & Physics 29:747-754 

McMillan AS, Tsang CS, Wong MC, Kam AY (2006) Efficacy of a novel lubricating 

system in the management of radiotherapy-related xerostomia. Oral Oncol 

42:842-8 

Mestril R, Giordano FJ ,Conde AG, Dillmann WH (1996) Adenovirus-mediated gene 

transfer of a heat shock protein 70 (hsp 70i) protects against simulated 

ischemia. J Mol Cell Cardiol 28:2351-8 

Millson SH, Truman AW, Racz A, Hu B, Panaretou B, Nuttall J, Mollapour M, Soti 

C, Piper PW (2007) Expressed as the sole Hsp90 of yeast, the alpha and beta 

isoforms of human Hsp90 differ with regard to their capacities for activation 

of certain client proteins, whereas only Hsp90beta generates sensitivity to the 

Hsp90 inhibitor radicicol. Febs J 274:4453-63 

Mizuguchi H, Kay M, Hayakawa T (2001) Approaches for generating recombinant 

adenovirus vectors. Adnanced Drug Delivery Reviews 52:165-176 

Morichetti E, Cundari E, Del Carratore R, Bronzetti G (1989) Induction of 

cytochrome P-450 and catalase activity in Saccharomyces cerevisiae by UV 

and X-ray irradiation. Possible role for cytochrome P-450 in cell protection 

against oxidative damage. Yeast 5:141-8 

Morimoto RI (1998) Regulation of the heat shock transcriptional response: cross talk 

between a family of heat shock factors, molecular chaperones, and negative 

regulators. Genes Dev 12:3788-96 

Morimoto RI, Santoro MG (1998) Stress-inducible responses and heat shock proteins: 

New pharmacological targets for cytoprotection. Nat Biotechnol 16:833 -838  

Morsy MA, Caskey CT (1999) Expanded-capacity adenoviral vectors--the helper-

dependent vectors. Mol Med Today 5:18-24 

Moseley PL (1996) Heat shock proteins: a broader perspective. J Lab Clin Med 

128:233-234 

Mosser D, Caron A, Bourget L, Denis-Larose C ,Massie B (1997) Role of Human 

Heat shock Protein hsp70 in Protection against Stress-Induced Apoptosis. 

Molecular and Cellular Biology 17:5317-5327 

Mountain A (2000) Gene therapy: the first decade. Trends Biotechnol 18:119-28 



 122

Muhvic-Urek M, Bralic M, Curic S, Pezelj-Ribaric S, Borcic J, Tomac J (2005) 

Imbalance between apoptosis and proliferation causes late radiation damage of 

salivary gland in mouse. Physiol Res 

Nagler R, Marmary Y, Fox PC, Baum BJ, Har-El R, Chevion M (1997) Irradiation-

induced damage to the salivary glands: the role of redox-active iron and 

copper. Radiat Res 147:468-475 

Nagler R, Marmary Y, Golan E, Chevion M (1998a) Novel protection strategy against 

X-ray-induced damage to salivary glands. Radiat Res 149:271-276 

Nagler RM (1998) Short- and long-term functional vs morphometrical salivary effects 

of irradiation in a rodent model. Anticancer Res 18:315-20 

Nagler RM (2002) The enigmatic mechanism of irradiation-induced damage to the 

majory salivary glands. Oral Dis 8:141-146 

Nagler RM ,Baum BJ, Fox PC (1993a) Acute effects of X irradiation on the function 

of rat salivary glands. Radiat Res 136:42-7 

Nagler RM, Baum BJ, Fox PC (1993b) Effects of X irradiation on the function of rat 

salivary glands at 3 and 40 days. Radiat Res 136:392-6 

Nagler RM, Baum BJ, Miller G, Fox PC (1998b) Long-term salivary effects of single-

dose head and neck irradiation in the rat. Arch Oral Biol 43:297-303 

Nagler RM, Laufer D (1998) Protection against irradiation induced damage to 

salivary glands by adrenergic agonist administration. Int J Radiat Oncol Biol 

Phys 40:477-481 

Nagler RM, Reznick AZ, Slavin S, Nagler A (2000) Partial protection of rat parotid 

glands from irradiation-induced hyposalivation by manganese superoxide 

dismutase. Arch Oral Biol 45:741-7 

Nair CK, Parida DK, Nomura T (2001) Radioprotectors in radiotherapy. J Radiat Res 

(Tokyo) 42:21-37 

Nam SY, Cho CK, Kim SG (1998) Correlation of increased mortality with the 

suppression of radiation-inducible microsomal epoxide hydrolase and 

glutathione S-transferase gene expression by dexamethasone: effects on 

vitamin C and E-induced radioprotection. Biochem Pharmacol 56:1295-304 

Nayeem M, Hess M, Quain Y, Loesser K, Kukreja R (1997) Delayed preconditioning 

of cultured adult rat cardiac myocytes: role of 70 and 90kDa heat stress 

proteins. American Journal of Physiology (Heart Circ. Physiol) 273:H861-

H868 



 123

Nemerow GR (2000) Cell receptors involved in adenovirus entry. Virology 274:1-4 

Nieuw Amerongen AV, Veerman EC (2003) Current therapies for xerostomia and 

salivary gland hypofunction associated with cancer therapies. Support Care 

Cancer 11:226-31 

Nordal RA, Nagy A, Pintilie M, Wong CS (2004) Hypoxia and hypoxia-inducible 

factor-1 target genes in central nervous system radiation injury: a role for 

vascular endothelial growth factor. Clin Cancer Res 10:3342-53 

Norris CE, Hightower LE (2002) Discovery of two distinct small heat shock protein 

(HSP) families in the desert fish Poeciliopsis. Prog Mol Subcell Biol 28:19-35 

O'Connell AC, Lillibridge CD, Zheng C, Baum BJ, O'Connell BC, Ambudkar IS 

(1998a) Gamma-irradiation-induced cell cycle arrest and cell death in a human 

submandibular gland cell line: effect of E2F1 expression. J Cell Physiol 

177:264-273 

O'Connell AC, Redman RS, Evans RL, Ambudkar IS (1999) Radiation-induced 

progressive decrease in fluid secretion in rat submandibular glands is related 

to decreased acinar volume and not impaired calcium signaling. Radiat Res 

151:150-8 

O'Connell BC, Lillibridge CD, Ambudkar I, Kruse D (1998b) Somatic gene transfer 

to salivary glands. Ann N Y Acad Sci 842:171-80 

O'Connell BC, Xu T, Walsh TJ, Sein T, Mastrangeli A, Crystal RG, Oppenheim FG, 

Baum BJ (1996) Transfer of a Gene encoding the Anticandidal protein 

Histatin 3 to Salivary glands. Human Gene therapy 7 

O'Connell BC, Zheng C, Jacobson-Kram D, Baum BJ (2003) Distribution and toxicity 

resulting from adenoviral vector administration to a single salivary gland in 

adult rats. J Oral Pathol Med 32:414-21 

Okunieff P, Mester M, Wang J, Maddox T, Gong X, Tang D, Coffee M, Ding I 

(1998) In vivo radioprotective effects of angiogenic growth factors on the 

small bowel of C3H mice. Radiat Res 150:204-11 

Olsvik PA, Kristensen T, Waagbo R, Tollefsen KE, Rosseland BO, Toften H (2006) 

Effects of hypo- and hyperoxia on transcription levels of five stress genes and 

the glutathione system in liver of Atlantic cod Gadus morhua. J Exp Biol 

209:2893-901 



 124

Oron Y, Falach O, Marmary I, Horowitz M (1989) Long-term heat adaptation results 

in an enhanced efficiency of muscarinically-induced water secretion in rat 

submaxillary glands. Comp Biochem Physiol A 94:673-6 

Orosz F, Olah J, Ovadi J (2006) Triosephosphate isomerase deficiency: facts and 

doubts. IUBMB Life 58:703-15 

Ozyigit G, Yang T, Chao KS (2004) Intensity-modulated radiation therapy for head 

and neck cancer. Curr Treat Options Oncol 5:3-9 

Paardekooper GM, Cammelli S, Zeilstra LJ, Coppes RP, Konings AW (1998) 

Radiation-induced apoptosis in relation to acute impairment of rat salivary 

gland function. Int J Radiat Biol 73:641-8 

Pandey P, Saleh A, Nakawaza A, Kumar S, Sirnivasula S, Kumar V, Weichselbaum 

R, Nalin C, Alnemri E, Kufe D, Kharbanda S (2000) Negative regulation of 

cytochrome c-mediated oligomerization of Apaf-1 and activation of 

procaspase-9 by heat shock protein 90. EMBO J  19:4310-4322  

Parcellier A, Gurbuxani S, Scmitt E, Solary E, Garrido C (2003) Heat shock proteins, 

cellular chaperones that modulate mitochondrial death patheways. 

Biochemical and Biophysical Research Communications 304:505-512 

Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D, Haimovitz-Friedman A, 

Cordon-Cardo C, Kolesnick R (2001) Endothelial apoptosis as the Primary 

lesion initiating Radiation Damage in mice. Science 293:293-297 

Park SH, Cho HN, Lee SJ, Kim TH, Lee Y, Park YM, Lee YJ, Cho CK, Yoo SY, Lee 

YS (2000a) Hsp25-induced radioresistance is associated with reduction of 

death by apoptosis: involvement of Bcl2 and the cell cycle. Radat Res 

154:421-428 

Park SH, Lee SJ, Chung HY, Kim TH, Cho CK, Yoo SY, Lee YS (2000b) Inducible 

heat-shock protein 70 is involved in the radioadaptive response. Radiat Res 

153:318-326 

Parkin DM, Bray F, Ferlay J, Pisani P (2001) Estimating the world cancer burden: 

Globocan 2000. Int J Cancer 94:153-6 

Parsell DA, Lindquist S (1993) The function of heat-shock proteins in stress 

tolerance: degradation and reactivation of damaged proteins. Annu Rev Genet 

27:437-96 

Paz Z, Freeman S, Horowitz M, Sohmer H (2004) Prior heat acclimation confers 

protection against noise-induced hearing loss. Audiol Neurootol 9:363-9 



 125

Pedersen SB, Kristensen K, Richelsen B (2003) Anti-glucocorticoid effects of 

progesterone in vivo on rat adipose tissue metabolism. Steroids 68:543-50 

Powers MV, Workman P (2007) Inhibitors of the heat shock response: biology and 

pharmacology. FEBS Lett 581:3758-69 

Punyiczki M, Fesus L (1998) Heat Shock and Apoptosis: the two Defense Systems of 

Organisms May Have Overlapping Molecular Elements. Annals of New York 

Acadamy of Sciences 851:67-74 

Qin Y, Karst H, Joels M (2004) Chronic unpredictable stress alters gene expression in 

rat single dentate granule cells. J Neurochem 89:364-74 

Queltsch C, Sangster T, LINDQUIST S (2002) HSP90 as a capacitor of phenotypic 

variation. Nature 417:618-624 

Rezacova M, Vavrova J, Cerman J (2005) [A cell and genotoxic stress: a reaction to 

double strand breaks of DNA]. Cas Lek Cesk 144 Suppl 3:13-7 

Rezvani HR, Dedieu S, North S, Belloc F, Rossignol R, Letellier T, de Verneuil H, 

Taieb A, Mazurier F (2007) Hypoxia-inducible factor-1alpha, a key factor in 

the keratinocyte response to UVB exposure. J Biol Chem 282:16413-22 

Rico AI, Angel SO, Alonso C, Requena JM (1999) Immunostimulatory properties of 

the Leishmania infantum heat shock proteins HSP70 and HSP83. Mol 

Immunol 36:1131-1139 

Rieger J, Seikaly H, Jha N, Harris J, Williams D ,Liu R, McGaw T, Wolfaardt J 

(2005) Submandibular gland transfer for prevention of xerostomia after 

radiation therapy: swallowing outcomes. Arch Otolaryngol Head Neck Surg 

131:140-5 

Roesink JM, Moerland MA, Battermann JJ, Hordijk GJ, Terhaard CH (2001) 

Quantitative dose-volume response analysis of changes in parotid gland 

function after radiotherapy in the head-and-neck region. Int J Radiat Oncol 

Biol Phys 51:938-46 

Rowe W, Huebner R, Gilmore L, Parrot R, Ward T (1953) Isolation of a cytopathic 

agent from human adenoids undergoing spontaneous degradation in tissue 

culture. Proceedings of the Society for Experimental Biology and Medicine 

84:570-573 

Russell W (2000) Update on adenovirus and its vectors. J Gen Virol 81:2573-2604 



 126

Sabehat A, Lurie S, Weiss D ) 1998 ( Expression of small heat-shock proteins at low 

temperatures. A possible role in protecting against chilling injuries. Plant 

Physiol 117:651-8 

Sagowski C, Wenzel S, Tesche S, Jenicke L, Kehrl W, Roeser K, Metternich FU 

(2004) [Sodium selenite reduces acute radiogenic damage of the rat parotid 

glands during fractionated irradiation]. Hno 52:1067-75 

Samali A, Cotter TG (1996) Heat shock proteins increase resistance to apoptosis. Exp 

Cell Res 233:163-170 

Samuels MA (2004) Cytoprotection in head and neck cancer: issues in oral care. J 

Support Oncol 2:9-12 

Samuelson LC (1996) Transgenic approaches to salivary gland research. Annu Rev 

Physiol 58:209-229 

Sanchez-Lopez E, Lopez AF, Esteban V, Yague S, Egido J, Ruiz-Ortega M, Alvarez-

Arroyo MV (2005) Angiotensin II regulates vascular endothelial growth factor 

via hypoxia-inducible factor-1alpha induction and redox mechanisms in the 

kidney. Antioxid Redox Signal 7:1275-84 

Sazontova TG, Zhukova AG, Anchishkina NA, Arkhipenko Iu V (2007) [Dynamic 

changes in transcription factor HIF-1alpha, rapid response protein, and 

membrane structure resistance following acute hypoxia]. Vestn Ross Akad 

Med Nauk:17-25 

Schafler AE, Kirmanoglou K, Balbach J, Pecher P, Hannekum A, Schumacher B 

(2002) The expression of heat shock protein 60 in myocardium of patients 

with chronic atrial fibrillation. Basic Res Cardiol 97:258-61 

Schwimmer H, Gerstberger R, Horowitz M (2004) Heat acclimation affects the 

neuromodulatory role of AngII and nitric oxide during combined heat and 

hypohydration stress. Brain Res Mol Brain Res 130:95-108 

Seikaly H, Jha N, Harris JR, Barnaby P, Liu R, Williams D, McGaw T, Rieger J, 

Wolfaardt J, Hanson J (2004) Long-term outcomes of submandibular gland 

transfer for prevention of postradiation xerostomia. Arch Otolaryngol Head 

Neck Surg 130:956-61 

Seikaly H, Jha N, McGaw T, Coulter L, Liu R, Oldring D (2001) Submandibular 

gland transfer: a new method of preventing radiation-induced xerostomia. 

Laryngoscope 111:347-52 



 127

Seiwert TY, Salama JK, Vokes EE (2007) The chemoradiation paradigm in head and 

neck cancer. Nat Clin Pract Oncol 4:156-71 

Sevaljevic L, Dobric S, Bogojevic D, Petrovic M, Koricanac G, Vulovic M, Kanazir 

D, Ribarac-Stepic N (2003) The radioprotective activities of turpentine-

induced inflammation and alpha2-macroglobulin: the effect of dexamethasone 

on the radioprotective efficacy of the inflammation. J Radiat Res (Tokyo) 

44:59-67 

Shan Y, Liu T, Su H, Samsamshariat A, Mestril R, Wang P (2003) Hsp10 and Hsp60 

modulate Bcl-2 family and mitochondria apoptosis signaling induced by 

doxorubicin in cardiac muscle cells. J Mol Cell Cardiol 35:1135-43 

Shan Z, Li J, Zheng C, Liu X, Fan Z, Zhang C, Goldsmith CM, Wellner RB, Baum 

BJ, Wang S (2005) Increased fluid secretion after adenoviral-mediated transfer 

of the human aquaporin-1 cDNA to irradiated miniature pig parotid glands. 

Mol Ther 11:444-51 

Sharp FR, Massa SM, Swanson RA (1999) Heat-shock protein protection. Trends 

Neurosci 22:97-99 

Shein NA, Doron H, Horowitz M, Trembovler V, Alexandrovich AG, Shohami E 

)2007 ( Altered cytokine expression and sustained hypothermia following 

traumatic brain injury in heat acclimated mice. Brain Res 

Shein NA, Horowitz M, Alexandrovich AG, Tsenter J, Shohami E (2005) Heat 

acclimation increases hypoxia-inducible factor 1alpha and erythropoietin 

receptor expression: implication for neuroprotection after closed head injury in 

mice. J Cereb Blood Flow Metab 25:1456-65 

Shiboski CH, Hodgson TA, Ship JA, Schiodt M (2007) Management of salivary 

hypofunction during and after radiotherapy. Oral Surg Oral Med Oral Pathol 

Oral Radiol Endod 103 Suppl:S66 e1-19 

Shohami E, Novikov M, Horowitz M (1994) Long term exposure to heat reduces 

edema formation after closed head injury in the rat. Acta Neurochir Suppl 

(Wien) 60:443-5 

Sholley MM, Sodicoff M, Pratt NE (1974) Early radiation injury in the rat parotid 

gland. Reaction of acinar cells and vascular endothelium. Lab Invest 31:340-

354 

Simon MM, Reikerstorfer A, Schwarz A, Krone C, Luger TA, Jaattela M, Schwarz T 

(1995) Heat shock protein 70 overexpression affects the response to ultraviolet 



 128

light in murine fibroblasts. Evidence for increased cell viability and 

suppression of cytokine release. J Clin Invest 95:926-33 

Smith AE, Helenius A (2004) How viruses enter animal cells. Science 304:237 -42  

Smith TR, Tremblay GC, Bradley TM (1999) Hsp70 and a 54 kDa protein (Osp54) 

are induced in salmon (Salmo salar) in response to hyperosmotic stress. J Exp 

Zool 284:286-98 

Sousa KM, Mira H, Hall AC, Jansson-Sjostrand L, Kusakabe M, Arenas E (2007) 

Microarray analyses support a role for Nurr1 in resistance to oxidative stress 

and neuronal differentiation in neural stem cells. Stem Cells 25:511-9 

Spalding AC, Lawrence TS (2006) New and emerging radiosensitizers and 

radioprotectors. Cancer Invest 24:444-56 

Stephens LC, King GK, Peters LJ, Ang KK, Schultheiss TE, Jardine JH (1986) Acute 

and late radiation injury in rhesus monkey parotid glands. Evidence of 

interphase cell death. Am J Pathol 124:469-478 

Stephens LC, Schultheiss TE, Price RE, Ang KK, Peters LJ ) 1991 ( Radiation 

apoptosis of serous acinar cells of salivary and lacrimal glands. Cancer 

67:1539-43 

Stewart FA, van der Kogel AJ (1994) Retreatment Tolerance of Normal Tissues. 

Semin Radiat Oncol 4:103-111 

Strange RC, Fryer AA (1999) The glutathione S-transferases: influence of 

polymorphism on cancer susceptibility. IARC Sci Publ:231-49 

Szebeni A, Hingorani K, Negi S, Olson MO (2003) Role of protein kinase CK2 

phosphorylation in the molecular chaperone activity of nucleolar protein b23. 

J Biol Chem 278 :9107-15  

Tachiiri S, Katagiri T, Tsunoda T, Oya N, Hiraoka M, Nakamura Y (2006) Analysis 

of gene-expression profiles after gamma irradiation of normal human 

fibroblasts. Int J Radiat Oncol Biol Phys 64:272-9 

Takagi K, Yamaguchi K, Sakurai T, Asari T, Hashimoto K, Terakawa S (2003) 

Secretion of saliva in X-irradiated rat submandibular glands. Radiat Res 

159:351-60 

Taku Murata, Toshifumi Sugatani, Vincent C. Manganiello, Kasumi Shimizu, Tagawa 

T (2001) Expression of phosphodiesterase 3 in rat submandibular gland cell 

lines. Archives of Oral Biology 46:453-457 



 129

Tanabe K, Tokuda H, Takai S, Matsushima-Nishiwaki R, Hanai Y, Hirade K, Katagiri 

Y, Dohi S, Kozawa O (2006) Modulation by the steroid/thyroid hormone 

superfamily of TGF-beta-stimulated VEGF release from vascular smooth 

muscle cells. J Cell Biochem 99:187-95 

Tateishi Y, Sasabe E, Ueta E, Yamamoto T (2007) Ionizing irradiation induces 

apoptotic damage of salivary gland acinar cells via NADPH oxidase 1-

dependent superoxide generation. Biochem Biophys Res Commun 

Tatsis N, Ertl H (2004) Adenoviruses as vaccine vectors. Mol Ther 10:619-629 

Taylor S, Miller E (1999) Radiation induced Salivary Dysfunction. Society for 

Experimental Biology and Med:14-26 

Todgham AE, Schulte PM, Iwama GK (2005) Cross-tolerance in the tidepool sculpin: 

the role of heat shock proteins. Physiol Biochem Zool 78:133-44 

Treinin M, Shliar J, Jiang H, Powell-Coffman JA, Bromberg Z, Horowitz M (2003) 

HIF-1 is required for heat acclimation in the nematode Caenorhabditis 

elegans. Physiol Genomics 14:17-24 

Tsai MH, Cook JA, Chandramouli GV, DeGraff W, Yan H, Zhao S, Coleman CN, 

Mitchell JB, Chuang EY (2007) Gene expression profiling of breast, prostate, 

and glioma cells following single versus fractionated doses of radiation. 

Cancer Res 67:3845-52 

Valdez I (1991) Radiation induced salivary gland dysfunction:Clinical course and 

significance. Special Care Dentistry 11:252-255 

Vijayalaxmi, Reiter RJ, Tan DX, Herman TS, Thomas CR, Jr. (2004) Melatonin as a 

radioprotective agent: a review. Int J Radiat Oncol Biol Phys 59:639-53 

Vissink A, Down JD, Konings AW (1992) Contrasting dose-rate effects of gamma-

irradiation on rat salivary gland function. Int J Radiat Biol 61:275-82 

Vissink A, Kalicharan D, EJ SG, Jongebloed WL, Ligeon EE, Nieuwenhuis P, 

Konings AW (1991) Acute irradiation effects on morphology and function of 

rat submandibular glands. J Oral Pathol Med 20:449-56 

Vissink A, s-Gravenmade EJ, Ligeon EE, Konings WT (1990) A functional and 

chemical study of radiation effects on rat parotid and 

submandibular/sublingual glands. Radiat Res 124:259-65 

Vitolo JM, Baum BJ (2002) The use of gene transfer for the protection and repair of 

salivary glands. Oral Dis 8:183-91 



 130

Vitolo JM, Cotrim AP, Sowers AL, Russo A, Wellner RB, Pillemer SR, Mitchell JB ,

Baum BJ (2004) The stable nitroxide tempol facilitates salivary gland 

protection during head and neck irradiation in a mouse model. Clin Cancer 

Res 10:1807-12 

Voellmy R, Boellmann F (2007) Chaperone regulation of the heat shock protein 

response. Adv Exp Med Biol 594:89-99 

Volloch V, Rits S (1999) A natural extracellular factor that induces Hsp72, inhibits 

apoptosis, and restores stress resistance in aged human cells. Exp Cell Res 

253:483-92 

Voutetakis A, Bossis I, Kok MR, Zhang W, Wang J, Cotrim AP, Zheng C, Chiorini 

JA, Nieman LK, Baum BJ (2005) Salivary glands as a potential gene transfer 

target for gene therapeutics of some monogenetic endocrine disorders. J 

Endocrinol 185:363-72 

Wadekar SA, Li D, Periyasamy S, Sanchez ER (2001) Inhibition of heat shock 

transcription factor by GR. Mol Endocrinol 15:1396-410 

Wadekar SA, Li D, Sanchez ER (2004) Agonist-activated glucocorticoid receptor 

inhibits binding of heat shock factor 1 to the heat shock protein 70 promoter in 

vivo. Mol Endocrinol 18:500-8 

Wang J, Cawley NX, Voutetakis A, Rodriguez YM, Goldsmith CM, Nieman LK, 

Hoque AT, Frank SJ, Snell CR, Loh YP, Baum BJ (2005) Partial redirection 

of transgenic human growth hormone secretion from rat salivary glands. Hum 

Gene Ther 16:571-83 

Wang J, Voutetakis A, Zheng C, Baum BJ (2004) Rapamycin control of exocrine 

protein levels in saliva after adenoviral vector-mediated gene transfer. Gene 

Ther 11:729-33 

Wasserman TH, Brizel DM, Henke M, Monnier A, Eschwege F, Sauer R, Strnad V 

(2005) Influence of intravenous amifostine on xerostomia, tumor control, and 

survival after radiotherapy for head-and- neck cancer: 2-year follow-up of a 

prospective, randomized, phase III trial. Int J Radiat Oncol Biol Phys 63:985-

90 

Weiss YG, Bouwman A, Gehan B, Schears G, Raj N, Deutschman CS (2000) Cecal 

ligation and double puncture impairs heat shock protein 70 (HSP-70) 

expression in the lungs of rats. Shock 13:19-23 



 131

Weiss YG, Maloyan A, Tazelaar J, Raj N, Deutschman CS (2002) Adenoviral transfer 

of HSP-70 into pulmonary epithelium ameliorates experimental acute 

respiratory distress syndrome. J Clin Invest 110:801-806 

Weiss YG, Tazelaar J, Gehan BA, Bouwman A, Christofidou-Solomidou M, Yu QC, 

Raj N, Deutschman CS (2001) Adenoviral Vector Transfection into the 

Pulmonary Epithelium after Cecal Ligation and Puncture in Rats. 

Anesthesiology 95:974-82 

Westman J, Sharma HS (1998) Heat shock protein response in the central nervous 

system following hyperthermia. Prog Brain Res 115:207-39 

Xanthoudakis S, Nicholson D (2000) Heat Shock Protiens as Death determinants. 

Nature Cell Biology 2:E163-E164 

Xing CY, Saleem MA, Coward RJ, Ni L, Witherden IR, Mathieson PW (2006) Direct 

effects of dexamethasone on human podocytes. Kidney Int 70:1038-45 

Zeilstra LJ, Vissink A, Konings AW, Coppes RP (2000) Radiation induced cell loss in 

rat submandibular gland and its relation to gland function. Int J Radiat Biol 

76:419-29 

Zheng C, Baum BJ (2002) Long-term expression after infection by the hybrid vector 

AdLTR-luc is from integrated transgene. Biochem Biophys Res Commun 

291:34-40 

Zheng C, Hoque AT, Braddon VR, Baum BJ, O'Connell BC (2001) Evaluation of 

salivary gland acinar and ductal cell-specific promoters in vivo with 

recombinant adenoviral vectors. Hum Gene Ther 12:2215-23 

Zheng C, Voutetakis A, Kok MR, Goldsmith CM, Smith GB, Elmore S, Nyska A, 

Vallant M, Irwin RD, Baum BJ (2006) Toxicity and biodistribution of a first-

generation recombinant adenoviral vector, in the presence of 

hydroxychloroquine, following retroductal delivery to a single rat 

submandibular gland. Oral Dis 12:137-44 

Zufferey R, Aebischer P (2004) Salivary glands and gene therapy: the mouth waters. 

Gene Ther 11:1425-6 

 



 iv

 submandibular - בבלוטות הפארוטיד והHSP90 - וHSP70 ,HSP25חקירת הדינאמיקה של 

 - וHSP90. קרינה או קרינה לאחר איקלום הניבה תוצאות מעניינות, לאחר איקלום לחום

HSP25טיפול הגיבו באופן שונה בכל רקמה ובכל  .HSP70 ,הגיב באופן דומה לכל , לעומת זאת

 .  בעל תפקיד מרכזי בתהליך ההגנהHSP70תמונה זו של רמות חלבונים רומזת כי . הטיפולים

 -ולחיה עצמה רק לבלוטת ה, הווקטור הויראלי נבנה והוחדר לתרבית תאים משתי בלוטות רוק

submandibular . הווירוס גרם לעליה ברמותHSP70 הן in-vitro והן in-vivo . בחיה עצמה

הווירוס עצמו לא גרם . רמות החלבונים שנמדדו היו דומות לרמות שנמדדו לאחר איקלום לחום

לא נמצאה הגנה לבלוטות הרוק לאחר העלאת , יחד עם זאת. לשינויים ארוכי טווח בזרם הרוק

 .  בעזרת הווקטורHSP70רמות 

לקבוצה שטופלה , ת הגנים בין הקבוצה המאוקלמת הדגיש את ההבדלים ברמוcDNA -משטח ה

. בקבוצה המטופלת בווירוסגנים רבים המבוטאים בקבוצה המאוקלמת לחום הושתקו . בווירוס

 רשימת בת הרכהיפולים שאינם גורמים להגנה איפשרלט,  בין טיפולים הנותנים הגנהההשווא

, כמעורבים בתגובה לעקה באופן כללירוב הגנים ברשימה זו ידועים . גנים הנחשדים כגורמי הגנה

ובתגובה , כמה גנים ידועים כבעלי תפקיד באפופטוזיס. באופן פרטי, ובתגובה לפגיעת חום

והם מעורבים גם בתגובה , גנים המעורבים בתגובה לקרינה זוהו, יותר מכך. DNA -לפגיעה ב

 . לעקת חימצון ובעלי תפקיד באפופטוזיס, לעקה

 מסקנות

 המוקניית על ידי איקלום לחום תורמת להגנה של בלוטות הרוק בחולדה מנזקי עמידות צולבת .1

 .קרינה

 העלתה את רמות החלבון submandibular - לבלוטת הHSP70 -ווירוס המקודד ל-אדנו החדרת .2

 לאלה הנמדדות לאחר איקלום לחום

נה של  אינו גורם להגsubmandibular - לבלוטת הHSP70 -ווירוס המקודד ל-אדנו החדרת .3

 :סיבות אפשריות לכך. הבלוטה מנזקי קרינה

בניגוד לאיקלום לחום המביא , עלייה זמנית ברמות החלבוןווקטורים ויראליים יכולים לספק  .א

 .לעלייה ברמות החלבון לטווח ארוך

קיימת האפשרות כי , בהתחשב בעובדה שהנזק הנגרם מקרינה הינו תהליך מורכב ומתמשך .ב

 . לאורך זמן כדי להגן על הבלוטה מאותה פגיעהHSP70 יש צורך להעלות את רמות

ניתן , מאחר ואיקלום לחום משנה ביטוי של מספר גנים ותהליכים המביאים להגנה תאית .ג

 . להניח כי שינויים בביטוי יותר מגן אחר נחוצים כדי להביא להגנה טובה של הבלוטה

המושגות על ידי איקלום  גבוהות יותר מאלה HSP70קיימת האפשרות כי יש צורך ברמות  .ד

כשהחלבון , בהשוואה לתנאי איקלום, כמו שקורה לאחר טיפול בווירוס, כאשר החלבון לבדו מגיב

 .פועל בשילוב על גנים אחרים

קיימת האפשרות כי הזרקת דקסאמתאזון , בהתבסס על התוצאות שהתקבלו בעבודה זו .ה

 . היה יכול לספקHSP70 -פגמה ביצירת ההגנה ש
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 :מטרות

ת המוקנית על ידי איקלום לחום יכול להגן על האם מנגנון העמידות הצולב לבחון  .א

 HSP -התגובה של שלושת חלבוני ה, תבדק.בלוטות הרוק העיקריות של החולדה מנזקי קרינה

 . קרינה לאחר איקלוםקרינה ו, לאחר איקלום לחום) HSP25 - וHSP70, HSP90(המרכזיים 

 וע האם ניתן להעלות ולקבHSP70המקודד ) adenoviral vector(וקטור ויראלי  לבנות  .ב

 . במבחנהHSP70 את רמת בעזרתו

להעלות את רמות החלבון עד לרמת המושגת , in-vivoבאותו ווקטור ויראלי  להשתמש  .ג

 .  לבלוטת הרוק השלמההגנה מקרינה ולקבוע האם מושגת ,לאחר איקלום לחום

יים כדי לבחון וללמוד על המנגנונים המולקולראישית  מותאםה ARRAY cDNA בניית .ד

 .ולהגנה מקרינה, המביאים לנזקי הקרינה

 שיטות

 34oC -איקלום לחום הושג על ידי חשיפת החולדות ל. חית המודל בה השתמשנו היא חולדה

חולדות מורדמות . עם מזון ומים לפי רצונן,  לחות יחסית30-40%ברמות של ,  יום30למשך 

ות חלבונים נקבעו בשיטת רמ.  לאזור הראש והצוואר1500radהוקרנו במנה בודדת של 

Western Blotting .צינורות הבלוטה .  מבחנים תיפקודיים בוצעו מפני קרינהלקביעת ההגנה

הווקטור . נפח הרוק שימש כמדד לפעילות הבלוטה, צונררו וגירוי יריקה ניתן בעזרת פילוקרפין

 הומולוגית המבוססת על רקומבינציה, AdEasy נבנה בעזרת מערכת HSP70הויראלי המקודד 

 A5, השתמשנו בשיטות עבודה מקובלות בתרביות רקמה עם תאים משתי בלוטות רוק. בחיידקים

הווירוס הוחדר לצינורות . in-vitroלאחר החדרת הוירוס  HSP70 רמת מדידת לHSG -ו

קביעת היום בו רמת החלבון . מצונררים של חולדות מורדמות עשר דקות לאחר הזרקת אטרופין

לאחר . Western Blottingהשוואה לרמות שהתקבלו לאחר איקלום נעשתה בשיטת ו, מירבית

והודפסו על גבי ממברנות ניילון עם מסגרת ,  גנים54נבחרו , מחקר ספרותי נרחב על נזקי קרינה

DNAהדוגמאות סומנו עם סמן רדיואקטיבי .  לנורמליזציה של התוצאות)P32 ( ועברו

 bioimageכשהתוצאה נמדדה בעזרת, למסך זרחן,  לאחר מכן,שנחשפו, היברידיזציה לממברנות

analyzer  . ניתוח התמונה הראשונית בוצע בעזרת תוכנת המחשבVisual grid . כל התוצאות

 .  PCRואומתו בעזרת ,  לביקורתמהחושבו בהתא

 ממצאים עיקריים

העיקריות של גנה על בלוטות הרוק נמצאה מהעמידות הצולבת המוקנית על ידי איקלום לחום 

מתן קרינה , לעומת זאת. מתן קרינה גרם לפגיעה ארוכת טווח בזרם הרוק. החולדה מנזקי קרינה

 זרם הרוק בחיות אלה היה דומה לזרם הרוק בחיות .ר איקלום לחום לא גרם לאותו הנזקמיד לאח

לא , ךיותר מכ. submandibular -והן בבלוטת ה, הראנו הגנה הן בבלוטת הפארוטיד. הביקורת

 . נראתה השפעה ארוכת טווח של האיקלום לחום על תפקוד בלוטת הרוק
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הכוללים תרפיה גנטית והנדסה של בלוטות מלאכותיות , טיפולים מתקנים.  גם הןניתנות לעיתים

 .ם של מחקר עדיין נמצאים בשלבים מוקדמי,הניתנות להשתלה

. בעבודה זו נקטנו גישה חדשנית למניעת תופעה נפוצה וחמורה זו של נזק קרינה לבלוטות הרוק

 עמידות צולבת המוקנית על ידי - נגנון הגנה הקיים באופן טבעיגישה זו כוללת ניצול היתרון של מ

 . איקלום לחום

זוהי .  אחרתדי חשיפה לעקהעמידות צולבת הינה היכולת להעניק הגנה כלפי עקה מסויימת על י

לאור . הביאה להגנה בהתנייה מראש  המעורבות,ות לעקה התאיתכונה הכרחית לתגובות

, הוא יכול להתעורר בכמה דרכים, העובדה כי תהליך זה מעורב בחשיפה לסוגים שונים של עקות

   . כולל איקלום לחום

 ידי חשיפה ממושכת  לעקה הנגרמת על,איקלום לחום הינו התאמה פנוטיפית שמורה

, מספר רב של מנגנונים פיזיולוגיים משלבים מעורבים בתהליך זה. לטמפרטורות סביבה גבוהות

מערכות הקירור בעזרת כלי דם ועל ידי . בטמפרטורת הגוף ובקצב הלב, כולל ירידה ביצירת חום

 על רמזממה ש,  יורדיםספי טמפרטורת הגוף להפעלת מנגנוני איבוד חום. אידוי מוגברות

 הם ביצירת הפנוטיפ אףמנגנוני הגנה תאית מעורבים . יתמעורבות מערכת העצבים האוטונומ

התהליך כולל . דבר הנובע מעליית הסף של טמפרטורת הגוף ליצירת פגיעה מהחום, המאוקלם

 heat(התגובה לחום ). post translation(תיעתוק -בתרתכנות מחדש של ביטוי גנים ומנגנוני 

shock response( ,אוקסידציה הם חלק מרשתות ההעברה התוך תאית -אפופטוזיס ואנטי-אנטי

חלבונים מרכזיים הקשורים עם \ הינם גניםheat shockחלבוני . המעורבות בהגנה התאית

  .  איקלום לחום

קולות מלוות להינה משפחה שמורה של מו) heat shock )HSPמשפחת חלבוני 

)chaperones .( כולל יצירת , מעורבים במספר רב של פעילויות תאיותנמצאו כחלבונים אלה

הגנה תאית נקשרה .  ונקשרים לחלבונים זריםיוהיזפועלים להם . ופירוק, כיוון למטרה, חלבונים

בעיקר , חברים אחרים במשפחה מעורבים, אך כשהעקה חמורה, HSP70בעיקר לחלבון 

HSP90ו - HSP25 .יותר . מעלות את רמת אותם חלבונים, וםכמו איקלום לח, פגיעות כרוניות

 .HSPמחקרים רבים על עמידות צולבת הדגימו מעורבות של חלבוני , מכך

כרוניים , עצביים ומבנייםהינה תוצאה של שינויים עמידות צולבת המוקנית על ידי איקלום לחום 

העקה גורמי כל נובעת מהפעלה של מסלולים מגנים המשותפים לו )INDUCIBLE(ומעוררים 

חולדות , דגים, בתולעיםעד כה ונמצא , תהליך זה הינו שמור מבחינה אבולוציונית. המעורבים

חמצן מפני , במוח, רפרפוזיה\איסכמיהל חשיפהלב לאחר ב תהנצפכזו הגנה , בחולדות. יםועכבר

 .הופחתמנזקי רעש איבוד שמיעה  כמו כן. ומפגיעת מוח טראומתית, בלחץ גבוה

העלאת על ידי , טבעיהנגרם באופן , זההיתה לבחון האם ניתן לחקות תהליך  בעבודה זומטרתנו 

בעזרת שיטת , )עולה באיקלום לחום ושרמת (HEAT SHOCK PROTEIN HSP70 בטויו של 

  .  בעל תפקיד מרכזי במנגנון העמידות הצולבת70HSP הננו מניחים כי .העברת גנים
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 תקציר

  מדעירקע

 -סך כל המקרים של גידולים באזור הראש והצוואר מהווה כ, מתוך כלל הגידולים המאובחנים

. פגיעה גידולית אחת מתוך עשר הפוגעות בגוף האדם פוגעת באזור זה, במילים אחרות. 10%

כללי ופן בא.  נמצאים בין עשרת הגידולים הממאירים ביותרגידולי סרטן ראש וצוואר, נוסף לכך

אנטומי של בלוטות הרוק המיקום ה.  שילוב של טיפול בקרינה וניתוחגידולים אלה מטופלים על ידי

הקרינה מעוררת מספר ארועים .  בטווח הקרינההעיקריות גורם ברוב המקרים להמצאותן

רקמות שונות בגוף מראות . ומשפיעה על יכולת התא לשרוד, ביוכימיים במספר סוגי תאים

 .  לקרינהרגישות שונה

.  המוקרנת ברקמה התאיםבקצב חלוקת וההתמיינותתלויה ברמות נחשבת כגישות לקרינה הר

, שהינם בעלי רמת התמיינות גבוהה וקצב חלוקה נמוך ,הרוקבלוטות התאים ב, למרות זאת

שני הגורמים החשובים ביותר הקובעים את חומרת הנזק . לקרינהביותר  גבוהה רגישים בצורה

 הם כמות הקרינה המגיעה ונפח הבלוטה הנחשפת לשדה ,ק הנגרם על ידי הקרינהלבלוטת הרו

הקרינה לבלוטות הרוק דחף למחקר רב בעניין ואף הבלתי מוסבר של נזק ה תופעת. הקרינה

 -2 אפופטוזיסת -1: קיימות חמש השערות מרכזיות לגבי יצירת הנזק. השערות רבותלהעלאת 

 תרכובות חמצן -DNA ,3 -תכתיים פעילים הגורמים לנזק לזליגה של גרגרי בלוטה ויונים מ

כולל תיקון חלבונים ,  פעילויות תאיות חשובות המופרעות-4, נזק של רדיקליים חופשיים\פעילות

, ללא קשר למנגנון העומד בבסיס התופעה.   שכבת האנדותל נפגעת ראשונה-5, וחלוקת תאים

פעילות בלוטת הרוק הגורם ליובש הפה קרינה גורמת לנזק בלתי הפיך לאין ספק כי 

 ). קסרוסטומיה(

. 94-100%צוואר בעקבות טיפול בקרינה נע בתחום שכיחות יובש בפה בחולי סרטן הראש וה

ונחוץ לא רק להרטיב את חלל הפה והלוע התחתון ולגרום , הרוק הינו נוזל בעל מספר תפקידים

, מעורב במינרליזציה חוזרת של השיניים, הוא נחוץ גם לבקר את הפלורה בפה. לתחושה נעימה

חולים הסובלים . שומר על מערכת החיסון של הרירית והכרחי להכנת המזון במהלך הלעיסה

ללעוס ולבלוע ובעלי סיכון גבוה , מתקשים לדבר, ממחסור ברוק סובלים מתחושה לא נעימה בפה

משפיעות , ירידה במשקל, ידה בצריכת המזוןתופעות אלו גורמות ליר. לריקבון שיניים ועששת

 .  חדשותיותבאופן בולט על איכות החיים ומעלות בעיות בריאות

. ת מניעה יעילים למניעת תופעת הלוואי של הטיפול בקרינהו או שיטיםטיפוללא נמצאו נכון להיום 

לשמירה על תפקוד טיפולים עדכניים כוללים משטרי הגיינת פה קשוחים ותוספת פלואוריד 

 טיפולים לשיפור נוחות החולה על ידי שימוש בתחליפי רוק או העלאת זרם ,ל הפהובריאות חל

ות שיט. קודים הנותרת או גירוי חשמלי של הרקמה התפ,הרוק בעזרת חומרים סיאלוגוגיים

כך שנפח קטן יותר של הבלוטה ,  מתבססות בעיקר על שיפור השיטות להקרנהלמניעת הנזק

,  מחדשקיימים גם מחקרים בהם הבלוטה ממוקמת. ך מחקרשיטות אלה בתהלי. ייחשף לקרינה

" אמיפוסטין"תרופות המגנות מקרינה כמו . במקום הנמצא מחוץ לטווח הקרינה, במהלך ניתוח
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