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Effekt av dykking på biomarkører i en rottemodell. 
Mulige konsekvenser for kort- og langtids helseeffekter for yrkesdykkere.

Denne avhandlingen er basert på tre dyrestudier som med ulike metoder tar for seg 
fysiologiske utfordringer som kan påvirke helsen til yrkesdykkere i et 
langtidsperspektiv. Den første studien evaluerer sentralnervøs skade hos rotter som 
har vært utsatt for simulert dykking. Dette ble gjort ved å måle serumkonsentrasjon
av en biomarkør (S100B) som er sensitiv for hjerneskade. Ved hjelp av ultralyd ble 
rottenes hjerter undersøkt for bobler dannet under trykkreduksjon. I denne studien 
fant vi at rotter som hadde dykket dypt hadde en høyere konsentrasjon av S100B 
enn rotter som ikke hadde dykket like dypt og i tillegg at dette var korrelert til 
boblemengde. I det andre studiet ble effekten av et dykk på sentralnervesystemet 
undersøkt ytterligere ved hjelp av MR og immunhistokjemi. Her fant vi at rotter som 
ble utsatt for et simulert dykk viste tegn til endringer i hjernesirkulasjon en time etter 
dykk, men ingen tegn til strukturell skade i hjernevev 14 dager senere. I det tredje 
studiet ville vi studere effekten av bakteriell eksponering under dykking og mer 
presist hvordan Pseudomonas aeruginosa påvirker dannelsen av sirkulerende 
autoantistoffer mot HSP60 og hvordan dykking påvirker serumnivået av disse 
sirkulerende autoantistoffene.  Resultatene fra disse forsøkene viste at rotter som 
ble vaksinert med bakterien Pseudomonas aeruginosa fikk et økende nivå av 
sirkulerende autoantistoffer mot HSP60, mens dette ikke ble observert hos rotter 
som ble kun dykket. Imidlertid viste det seg at rotter som både ble vaksinert og 
dykket heller ikke hadde noe økt nivå av anti-HSP60 i blodet. Dette kan forklares ved 
at HSP60 er uttrykt under dykking og at kryssreagerende antistoffer er bundet til 
HSP60.  En slik kryssreaksjon kan føre til immunresponser som er uheldige i et 
langtids-helseperspektiv.

Tidligere rapporter som omhandler sentralnervøse effekter av dykking er basert på 
retrospektive data og kan derfor være vanskelige å tolke. Arbeidet som er presentert 
i denne avhandlingen tar for seg mulige helseutfordringer for yrkesdykkere, studert i 
rottemodeller. Denne fremgangsmåten gjør det mulig å utføre prospektive studier for 
å undersøke sykdomsfremmende effekter av en definert eksponering i ulike 
organsystemer.
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DEFINITIONS 

Biomarker: the term biomarker comprises any substance that may be taken as an 

indicator of a specific biological state. Biomarkers may be introduced into the body in 

order to visualize a process, or may consist of substances already inherent to the 

body, but altered in its amount or presentation by a particular physiological or 

pathological state.

Central nervous system (CNS): consists of the brain and the spinal cord. The CNS 

integrates and processes responses to signals transmitted via nervous cells.

Decompression: refers to the process undertaken when moving from surroundings 

with higher pressures to surroundings with lower pressures.

Saturation: in diving, this refers to the state where the gases in the body are at 

equilibrium with the ambient pressure. The partial pressure of a gas, for example 

nitrogen, in the body will not increase further unless the partial pressure of nitrogen 

within the breathing medium is increased. This form of diving is usually preferred 

when diving deeper than 50 meters of seawater.

Supersaturation: In diving, this refers to a situation where the partial pressure of a 

gas in the tissue exceeds that of the ambient pressure.

Surface-based diving: The diver descends to the depth were the work is going to be 

performed, with duration determined by both the depth and the breathing-gas before 

returning to surface. 
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BACKGROUND

Oil exploration in the North Sea began on the UK continental shelf in the late 1950’s 

and on the Norwegian continental shelf in the late 1960’s. The oil industry is 

dependent on divers to maintain and inspect sub-sea petroleum production systems. 

In the 1990’s, unmanned deep water maintenance using Remotely Operated 

Vehicles (ROV’s) and Remotely Operated Tools (ROT’s) were established. Today, 

divers are used in hyperbaric welding operations and in operation were use of divers 

is more cost efficient than ROV’s and ROT’s in medium depth waters (30-180 msw),

for maintenance and reparation of old installations. Perception, judgement and 

dexterity are among the factors that make human divers the most effective choice for 

some tasks.

Commercial divers work both inshore and offshore and the diving activity is either

surface-based or by means of saturation diving. The two methods can be further 

divided into groups based on the breathing gases they apply. These are depth 

dependent and are air, nitrox or helium-oxygen mixtures.

In saturation diving, a team of divers is compressed to the work depth in a closed 

chamber system ('or environment'), and stay at depth throughout the work period. 

From the chamber, the divers are transported to the work site by a diving bell and 

normally work eight hour shifts before they return to the chamber, still under 

pressure (1). Saturation divers working at depths deeper than 30 msw usually breath 

heliox, a helium-oxygen mixture, in contrast to the air or nitrox that is used at

shallower depths (1). Helium is used to reduce breathing resistance, to avoid 

nitrogen narcosis and as it has faster tissue elimination than nitrogen.

Typical working depths in the North Sea are between 50 to 180 m with 14 days as 

the maximum stay at living depth. Decompression rates are depth limited; they may

decrease with decreasing depth and decompression may take several days even 

from moderate depths. There are health challenges related to working as a 

saturation diver. Among the most serious are those related to the central nervous 

system (CNS). In several studies, saturation divers have been examined with 

respect to quality of life (2), memory function, problems in concentration and other 
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ailments (3). However, the results are conflicting and inconclusive with regard to the 

neurological consequences of diving. While there are almost no reports of 

decompression sickness (DCS) among saturation divers (1990-2010) (4), ear and 

skin infections due to Pseudomonas aeruginosa (P. aeruginosa) are common. 

Repeated exposures to P. aeruginosa triggers the immune system in a way that may 

affect circulatory health (5, 6), and it is found that saturation divers have a higher 

prevalence of heart disease (7).

Previous reports on the effect of diving on the CNS are based upon retrospective 

data and hence, can be difficult to interpret. The work presented in this thesis 

addresses topics relevant to possible health effects for professional divers by the use 

of rat models. This approach makes it possible to conduct prospective studies, 

investigating both the acute and long-term pathophysiological effects of a defined 

environmental exposure in different organ systems.
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AIMS and HYPOTHESES

Under hyperbaric conditions, biological responses to elements in the confined

environment, such as pathogens and pollutants, may differ from responses at normal 

surface pressure. It is postulated that the pressure and environmental changes 

associated with saturation diving will affect the physiology and have a long term 

pathogenic influence on the health of divers working in this environment. Therefore, 

the general aim of this thesis was to study the physiological challenges relevant to 

possible long term health effects in professional divers, with the main focus on CNS 

and immunological changes. Biomarkers that are potentially linked to health hazards 

in the hyperbaric environment were examined in rats exposed to simulated diving.

Specific aims:

I: To study the acute effects of diving on expression of the neurotropic biomarker 

S100B in blood, with the hypothesis that concentrations of S100B will be higher in 

dived animals compared to non-dived control animals.

II: To identify changes in the CNS after a dive using MRI and histology.

III: To study whether rats immunised with P. aeruginosa produce autoantibodies 

against their own HSP60 and whether diving influences the level of circulating anti-

HSP60 antibodies. 
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INTRODUCTION

Decompression physiology has been studied for more than 100 years. The Irish 

philosopher and scientist, Robert Boyle, made the first observations of 

decompression-induced gas bubbles in 1659. In 1878, Paul Bert carried out the first 

systematic study demonstrating the presence of gas bubbles in blood and tissues 

after decompression.  He described bubble formation in dogs and suggested that 

DCS could be avoided by a slower decompression (8). John Scott Haldane went on 

to base his work on Bert’s discoveries and developed the first set of scientifically 

based decompression tables. In 1908 Haldane and co-workers published the paper

'Prevention of Compressed-Air Illness', where they postulated that staged 

decompression could bring the underwater workers safely back to the surface and 

that tissue perfusion was the limiting factor in inert gas uptake and elimination (9).

During a dive, the partial pressure of gases in the tissues increases because of the 

pressure difference between the environment (higher pressure) and the diver’s body 

(lower pressure). After a time spent at depth, if the diver decompresses too fast, the 

change in ambient pressure may cause gas in the tissues to become 

supersaturated, and then come out of solution and form bubbles. This is commonly 

understood as the initiating sequence of DCS. The mechanisms of the pathological 

sequence leading to DCS are not fully understood, but mechanical damage from the 

expansion of bubbles, vascular endothelial damage and immunological responses 

are amongst the factors believed to be of importance (10). Endothelial function has 

been shown to be affected by diving and bubbles in animal studies and in man (11,

12).

Physiological consequences of diving 

Decompression sickness (DCS)

The major risk associated with diving is related to decompression and the risk of 

DCS. There are two traditional diagnostic categories for DCS; type I DCS includes

musculoskeletal, skin, lymphatic and fatigue effects, while type II DCS includes 

neurologic, cardiorespiratory (“chokes”) and audiovestibular symptoms (13). This 
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classification is useful in a clinical setting for prognosis and treatment management.

In type II cases with cerebral involvement, 75 % usually show signs and symptoms 

within 10 minutes after surfacing (14). Generally, the shorter the time between 

surfacing and developing DCS, the greater the severity and the worse the prognosis 

(15).

Within saturation diving in Norway today there are almost no reported cases of DCS 

(4). However, there will always be a risk of DCS when a worker returns to surface 

from depth. The importance of bubbles has been subject of discussion, but it is well 

documented that there is an increased risk of DCS with increasing number of 

bubbles (16). Although any cause-effect relationship between bubbles and 

development of DCS has not been established, the absence of bubbles is a good 

indicator of decompression safety.

Brain / CNS- neurological manifestations

The most serious form of DCS affects the CNS. In divers, neurological symptoms 

like numbness, paraesthesia, dizziness and coordination deficiencies are among the 

most often reported manifestations of DCS in recreational diving accidents (17,

18).There is no standard precedent for neurologic manifestations, however loss of 

consciousness and sensory and motor deficits are often involved shortly after 

surfacing (13).

When neurological damage occurs in divers, the suspected primary cause is 

vascular gas bubbles. Acute effects can be caused by extra-vascular bubbles 

producing pain, but vascular bubbles may grow in size and cause an infarction, 

inducing stroke-like symptoms (17). Bubbles can reach the brain through the arterial 

circulation, either through a right-to-left shunt in the heart, or they may overwhelm 

the pulmonary system and pass into the arteries (19). When bubbles reach the 

arterial circulation, they are termed arterial gas emboli (AGE). AGE can manifest as 

a consequence of air being forced into the pulmonary circulation during a rapid 

ascent from a dive, and can result in ischemia or blockage (20). Autochthonous 

bubble formation has also been observed in the brain (21). In the spinal cord, 
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autochthonous bubbles are known to traumatize neurons at the site of nucleation 

and to compress those adjacent (22).

A number of biomarkers (S100B, NSE and GFAP) are used in the investigation of 

traumatic brain injury (23). Serum levels of biomarker S100B have been shown to be 

increased in goats after deep dives with rapid decompression (24). S100B was also 

investigated in a pilot study with human subjects treated for acute DCS, however an

increased concentration was not found in this case (25). Symptoms of brain injury 

after DCS are often mild and not disabling. However, some individuals suffer for 

months or years from headaches, memory changes, poor concentration and other 

neurological symptoms (26). They also resemble the symptoms that follow mild 

traumatic brain injury (26, 27). Knowledge of brain sequelae during and after a dive 

is still lacking, both in terms of short and long term effects. Hence, in Paper I, S100B 

was selected to investigate its relationship to intravascular bubbles following 

decompression.

In addition to the pathogenic effects of cerebral bubbles after diving, some 

subclinical changes are proposed. For example, a change in the blood brain barrier 

(BBB) permeability is found in animals performing simulated dives (28, 29).

Decompression has been shown to cause increased permeability of the BBB, as 

illustrated by leakage of dye (Tryptan blue) into the brain tissue of decompressed 

rabbits, with dye concentration correlating to visible intravascular bubbles (30).

Immersion

When examining the effects of diving, the pressure gradient created by immersion 

itself must also be considered.  Immersion causes haemodynamic changes via a 

redistribution of blood flow to the intra-thoracic circulation, and consequently may 

affect central venous pressure, stroke volume and cause increased diastolic filling 

and further distension of the heart (31). A rat study performed at our laboratory has 

shown that immersion before a dry hyperbaric dive leads to an impaired contractility 

and calcium handling in isolated cardiomyocytes compared to in controls rats (32).
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Oxygen level

During diving, the diver may be exposed to increased partial pressures of oxygen,

which may cause oxidative stress in exposed tissue, and during saturation diving 

elevated oxygen levels is suggested to contribute to reduced pulmonary function 

(33). Oxidative stress is one of the causes for endothelial senescence (34) and 

endothelial dysfunction (35). Endothelial cell activation may lead to increased 

expression of adhesion molecules and inflammatory cytokines (36). Pro-

inflammatory microparticles are produced during oxidative stress and are found in 

increased levels in blood after diving. They have been associated with 

decompression and held responsible for vascular injuries both in humans (37) and in 

an animal model (38). Vascular health is reflected by the function of the vascular 

endothelium. In all blood vessels there is a monolayer of endothelial cells that make 

up the endothelium lying between the smooth muscle layer and the lumen of the 

blood vessel. The endothelium helps to supply nutrients and oxygen to underlying 

tissues and organs (39) and plays an important role in maintenance of the vascular 

homeostasis through control of vasomotor tone, blood cell trafficking, permeability, 

proliferation, survival, and innate and adaptive immunity; it is consequently involved 

in most disease states either as a cause or as a target. 

Temperature

There is a long-held belief that thermal conditions affect DCS risk and that DCS risk 

increases with cold water exposures. The diver’s temperature can affect the

distribution of peripheral blood flow and hence, how much gas is taken up in solution 

in different tissues (40). In divers using open hot-water suits, body weight loss and 

dehydration during diving is showed to be due to sweating. Dehydration may reduce

tissue perfusion and consequently the elimination of inert gases during 

decompression (41). In a review by Toner and Ball (42), no studies illustrating a 

definitive causal relationship between thermal conditions and DCS risk were found. 

However, there is still some evidence for increased DCS risk if diver is warm on the 

bottom, cold during decompression and cold on the surface. Conversely, cold 

conditions during the bottom time of the dive and warm conditions during 

decompression help to minimize risk of DCS and may also facilitate longer bottom 
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times (42, 43). These results indicate that conditions reducing on-gassing decreases 

risk of DCS, while conditions reducing off-gassing increases risk of DCS.

High pressure nervous syndrome (HPNS)

In deep diving (below 150 msw), the compression and pressure in itself can be a 

direct risk factor for  high pressure nervous syndrome (HPNS) (44). Symptoms of 

HPNS include tremors, involuntary muscle jerks, dizziness and nausea. HPNS is

associated with slow waves in the theta band and depression of alpha activity in the 

brain when measured by EEG (44, 45). The theta activity declines with time while 

the depression of overall electrical activity shows no improvement with time and 

worsens with increasing depth (46). However, the clinical relevance of these altered 

signals is not clear.

Environmental factors in saturation systems

Occupational saturation diving systems consist of a network of closed and 

pressurized steel chambers installed on board a vessel, from which divers are 

transported to their place of work in the sea by diving bells. The ambient temperature 

in the dive systems is typically around 28 - 30 °C with a relative humidity of around 

60%, although this may reach 80 - 90 % in periods of intense dive activity. To protect 

the divers from low temperatures at working depth, they use heated suits that are 

continuously flushed with heated seawater onto the skin. The seawater is taken from 

operation site and is pumped through a filter, UV treated, boiled and tempered to 70 

°C before sent through the umbilical where it is further cooled to 45 °C be the time it 

reaches the diver.

The warm and humid environment in the saturation systems favours a rich microbial 

flora. Gram-negative bacteria are predominant, principally the Pseudomonas and the 

coliform groups, Klebsiella and Escherichia coli.  The P. aeruginosa bacterium have 

modest nutritional demands and are found commonly all over the world, occurring in 

both fresh and seawater, in soil and on plants and the species is noted for its 

metabolic versatility and its exceptional ability to adapt to and colonize various 

ecological niches (47). These bacteria are the cause of thousands of hospital 
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acquired infections every year and it is a dangerous pathogen for patients with a

compromised immune system, such as those with cystic fibrosis (CF), cancer and 

burns (47-50). However, P. aeruginosa rarely infects people with an intact immune 

system.

There are several theories as to how these bacteria may be introduced to saturation 

environments. Previously it was believed that the divers brought the bacteria with 

them and that infection was diver-to-diver, but later studies have rejected this. 

Several dive vessels have been monitored to map the extension of P. aeruginosa,

and in 2003 Ahlen et al. (51) published a study demonstrating that seawater is the 

source of P. aeruginosa infection genotype in saturation diving systems. Studies 

investigating how the bacteria are affected by the environment in the closed 

chambers have found that the high temperature, humidity and hyperoxic 

environment contribute to enhanced microbial growth (52).

Pathological effects of environmental factors 
Health problems, such as skin and ear infections in divers working on the Norwegian 

Continental Shelf have been systematically registered since 1985 (53). Within the 

period from 1990 to 2010, only four incidents of DCS were reported to the Petroleum 

Safety Authority Norway, while during the same time-period, the number of outer ear 

infections reported was 201 (4).

These infections are usually caused by the P.aeruginosa bacteria (51), which has 

been a challenge to dive vessels since the beginning of saturation diving. Infectious 

outbreaks cause costly breaks in operations (54, 55). Results from a survey 

published in 2010 showed that there was a bacterial load in both divers and in the 

environment, but they also state that “the infections have no serious consequences 

for the health of the workers” (52).

Long term immunological effects of P. aeruginosa infections
In relation to the P. aeruginosa infections in saturation divers, long-term effects have 

not been investigated. However, long term infections have been studied in patients 

suffering from obstructive lung diseases like CF. Patients with CF suffer recurrently 

from pulmonary infections due to P. aeruginosa (48) and have several co-
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morbidities, the  most prevalent being insulin-dependent diabetes (56). It has been 

suggested that hyperactivity in the immune system causes destruction of the insulin 

producing beta-cells in the pancreas, via auto-antibodies that act against heat shock 

protein 60 (HSP60) (57).

Heat shock proteins are involved in the body's natural defense system and are 

involved in the folding and unfolding of other proteins (58). HSP60 molecules are 

highly phylogenetically conserved, with about 50% sequence homology between 

human HSP60’s and those of P. aeruginosa (59). Thus, the presence of

autoantibodies against HSP60 in patients with CF may be due to human antibodies 

cross-reacting in a process induced by the presence of bacterial HSP60. This 

binding of anti HSP-60 antibodies to HSP60 is also thought to be instrumental in the 

development of atherosclerosis (60). In paper III (61), we show that animals 

recurrently exposed to P.aeruginosa have an immunological response through 

increased concentration of anti-HSP60 in blood samples. Furthermore, immunization 

of mice with human sera containing high levels of anti-HSP60 induces 

atherosclerosis (62). Moen et al. (7) found a higher prevalence of heart diseases that 

could be atherosclerotic in origin, in occupational divers. Therefore, these results 

suggest that recurrent infections of P.aeruginosa in divers may indeed have 

consequences for their long term health. 
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METHODOLOGICAL CONSIDERATIONS

Animal research

The three individual studies which comprise the present thesis, all used a rat model 

of decompression and hence, all results must be discussed with this in mind. Using 

animal models is beneficial, as they facilitates controlled studies and allows tissue 

(particularly CNS tissue) analysis that would not be possible using human subjects. 

When working with human divers, various factors including diet, weight and activity 

level may influence the results and are difficult to control for. As most of these 

variables can be controlled in animal models, isolated physiological responses can 

be analysed. In addition, these responses are often more apparent when pushing the 

subjects towards limits greater than could be ethically allowed in human 

experiments. Therefore, animal research is eminently suitable for dive related 

studies where it is preferable to use large pressure differentials. In addition, by 

undertaking whole-animal experiments, it is more likely that a realistic physiological 

response, which it is possible to measure, will be provoked. Cell cultures are useful 

for testing exact mechanisms, but some information may also be lost by not taking 

cell-to cell interaction into account.

Animal model

In the present thesis, female Sprague Dawley rats were used. The choice of animal 

was based on years of experimental expertise at our Department and in the Applied 

Physiology group (63, 64). The procedures and the care of experimental animals 

conformed to the European Convention for the Protection of Vertebrate Animals 

Used for Experimental and Other Scientific Purposes, and the protocol was 

approved by the Norwegian Council for Animal Research. Female rats were used, as 

empirically they are less aggressive and easier to work with. They also have a lower 

growth rate (65), which is important since weight is crucial when designing a dive 

profile (as fatter rats are more likely to produce more bubbles) (66). In addition, rats 

are well suited for cerebral studies since they have a similar cerebral blood supply as 

in man (67).
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Dive profiles

In all three of the papers, rats performed simulated air dives in a 20 L hyperbaric 

chamber with a continuous air supply (Fig 1). The dive profile is developed in order 

to provokes a considerable amount of bubbles in 50% of exposed rats, with a body 

weight between 280-300g (66). Consequently, this dive profile gives a high intra-

variability with regard to bubble formation in the exposed groups. This is important to 

take into consideration when planning the amount of experimental animals that are 

necessary to provide meaningful results. The dive profile is used both to study the 

direct effects of decompression and bubble formation, but also to observe the 

physiological responses that become more apparent when the model is pushed to 

the extreme.

Fig 1: Hyperbaric rat chamber

Independent of dive depth, all animals were compressed at 200 kPa/min and 

decompressed at a rate of 50 kPa/min after 45 min. The length of the dive was 

chosen to simulate a saturation dive. It is predicted that the tissues of rats of around 

260g body mass will start to saturate after 45 min (68).

In paper I, the rats were compressed to 60 msw ( 700 kPa) for 45 min. This dive 

profile is rather stressful, and approximately 50% of the animals that dive this profile 

will die from this stress. Hence, in projects where it was necessary to keep the 

experimental animals alive for prolonged periods after the simulated dive, the stress
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caused by the dive needed to be reduced. This was achieved by reducing both the 

depth and the bottom time. For example in paper II, brain MRI was performed at one 

hour, one week and two weeks after the dive, hence the dive depth was reduced to 

50m ( 600kPa). Three out of nine rats diving this profile died, hence it may be said 

that this profile is still relatively provocative, but conservative enough for most 

animals to survive and therefore useful for this project.

In paper III, the general stress response from a dive was of interest, rather than the 

more extreme response to a particularly provocative dive and so the dive depth 

could be reduced considerably. In order to keep the animals throughout the 

experimental period for nine weeks, repeated dives to 30m ( 400kPa) were 

performed.

Anaesthesia

Anaesthesia was used in all studies; during examination of rats after decompression, 

in order to facilitate tissue and blood sampling, to immobilise rats for investigation by 

transthoracic echocardiography of the heart and surrounding arteries and to avoid 

any discomfort to the experimental animals.

Two different types of anaesthetics were used. In paper I and III, a Haldol mix 

(Haldol 0.33mg, Fentanyl 0.05mg and Midazolam 0.5mg; 0.4 ml/100g of bodyweight) 

was used. This anaesthetic was given subcutaneously and induced anaesthesia 

within 10 min, so allowing the observation of several animals at once. However, one 

drawback is that some of the components used in the mixture may influence the 

physiological responses under study. Also, not all animals tolerate this anaesthetic

mixture and on a few occasions, control animals died. However, since all animals 

received the same anaesthetics, we feel confident that the results obtained are 

uniform and reliable. 

In paper II, Isoflurane (1%) gas was used, in combination with medical air. Isoflurane 

is an inhalation anaesthetic and one of its benefits is that it is easier to control the 

depth of anaesthesia.
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Once anaesthetised, the core temperature needs to be monitored constantly. In a 

recent experiment where core temperature was recorded, it was found that body 

temperature dropped 2 - 3 degree Celsius (°C) almost immediately, despite using a 

heat blanket to cover the rats (unpublished data).  Similar rat studies in the future 

should consider using a temperature controlled incubator in order to maintain a 

stable core temperature.  

Bubble detection

Bubble formation is considered to be an indicator of the stress provoked by the dive 

and can be monitored using ultrasound (both Doppler and imaging) (Fig 2). When 

monitoring bubble formation in the rat, the pulmonary artery is usually chosen as the 

preferred position for measurement, as all of the venous blood flows through this 

artery. In paper I, the pulmonary artery was monitored for gas bubbles using a 10

MHz transducer connected to a FiVe ultrasound scanner (GE Vingmed Ultrasound 

AS, Norway) (Fig 3) and in paper II, the pulmonary artery was monitored using a 35 

MHz transducer (Vevo770, Visual Sonics, Toronto, ON, Canada). Bubbles can be 

seen on the monitor as bright spots, and subsequently be verified with Doppler. The 

bubble load was graded on a 0 to 5 scale according to a previously described 

method (69). One of the benefits of using ultrasound is that it is a non-invasive way 

of detecting decompression stress and operators can be trained to grade images 

relatively easily. However, in experiments performed by our research group, it has 

been observed that bubble formation varies a great deal between rat individuals. 

This is also found in rats after heliox saturation dives (70). This makes assessment 

of the effect of any interventions challenging. We are currently studying this variation, 

which is also seen in other species, but the employment of relatively high subject 

numbers should help to maintain the robust nature of studies where bubbles are the 

primary measure of decompression stress.
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Fig 2: Ultrasound and Doppler picture of rat with bubble in pulmonary artery. The 

arrows show detected bubbles on Doppler (Rasdal)

Fig 3: Performing ultrasound monitoring on rats on the FiVe ultrasound scanner
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Endothelial function examination by tension measurements

In paper II, we measured vascular endothelial function by a wire myograph system 

(Danish Myo Technology) (Fig 4) in ring segments from the abdominal aorta. The 

system is based on measuring force in small rings of vascular vessel segments and 

thus, allows you to measure responsiveness to hormones and other agonists. The 

measurement procedure is described in detail in a previous study (71).

Fig 4: Myograph system set up at the laboratory

Being the innermost cell-layer in blood vessels, the endothelium is of interest in 

relation to diving because it is in direct contact with bubbles and also because it 

plays an important role in maintenance of vascular homeostasis through control of 

vasomotor tone, blood cell trafficking, permeability, proliferation, survival, and innate 

and adaptive immunity (72). The endothelium is shown to be affected by diving both 

in animals and man (11, 12) and it is thought to be involved in most if not all disease 

states, either as a primary determinant of pathophysiology or as a victim of collateral 

damage (72).

Training and experience is imperative when using this technique in order to obtain 

physiologically relevant results and also, in order to be aware of several factors that 

can potentially influence the results. For instance, basal values and maximal values 

are determined prior to the experimental measurements, where the contractility and 
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relaxation responses of the vessel are observed. It is standard practice to report 

relaxation measurements as a percentage relative to the pre-test maximum,

therefore an incorrect pre-test measurement will intrinsically affect the results and 

may make them inaccurate.  Consequently, it is very important that the true basal 

and maximal values for the segments are found before adding new agonists.

The abdominal aorta was chosen for this study because it is easily accessible and 

therefore good for standardization and it has been used for analysis of endothelial 

function in studies performed at our laboratory (73, 74). However, due to the lack of 

correlation between abdominal aorta endothelial function and cerebral circulation 

and that the preparation for histological fixation with flushing with paraformaldehyde 

is not ideal for subsequent functional measurements, the results from the tension 

measurements were excluded from the paper. For future studies it should be 

considered using distributing arteries containing layers of smooth muscle with a 

better capability to respond to tension measurements. Endothelial measurements 

performed on a cerebral artery would have provided more valuable information. This 

should be examined in future animal studies on endothelial function in relation to 

diving.

Activation of the immune system by immunisation

In theory, by exposing an animal to an immunogen in a controlled way, the immune 

system should develop a defence against a substance that is foreign to the body. In 

paper III, we performed an immunisation in order to activate the immune system 

against the bacteria Pseudomonas aeruginosa.

The vaccine in paper III was developed and optimised by a technician at our 

laboratory. The rats were immunised with bacterial HSP60, 0.2 ml every other week, 

for five times in total over a nine week period. The results show that the 

immunization protocol is valid, as an increase in circulating antibodies was seen. 

However, a protocol weakness is that the animals were sacrificed shortly after the 

last immunization. Ideally, it would have been valuable to know for how long the 

activated immune response would last. To increase the knowledge on the
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relationship between dive exposures and immunization, it would be better to finish 

the immunization protocol before diving. This can be executed in a follow up study.

Serum analyses by Enzyme linked immunosorbent assay (ELISA)

There are, to date, no specific laboratory tests to aid in the diagnosis and 

assessment of the severity of DCS. Presently, clinicians give subjective diagnoses 

based on visible symptoms and available information. Accordingly, there has 

recently been increasing interest in finding relevant, circulating biomarkers for DCS. 

Montcalm-Smith and co-workers (2007) published a paper on stress biomarkers 

present in rats experiencing DCS (75). They concluded that within 30 minutes there 

are gene expression changes in animals with signs of DCS.

Serum analyses can be performed by use of an enzyme linked immunosorbent 

assay (ELISA). The ELISA technique has high sensitivity and can detect the amount 

of a given protein, antibody, or antigen in a sample and is used as a diagnostic tool 

in medicine and in biomedical research. For analyses used in diagnostics, there are 

commercially available kits (paper I), but for other analyses it is possible to build 

“home-made” kits (paper III). Use of a commercially available kit ensures quality, but 

it may not be sensitive enough for specific scientific purposes. When extrapolating 

results from an ELISA, a standard curve is applied. If the measured points fall 

outside the range of the standard curve then they will have diminished weight in 

terms of accuracy and certainty.  

Brain examination by magnetic resonance imaging (MRI) 

In paper II, MRI was used to examine the brains of rats after simulated diving (Fig 5). 

The MRI scans and following analyses were performed by co-workers at the MRI-

facility at NTNU using a 7T Bruker Biospec MR scanner.
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Fig 5: Image showing representative fractional anisotropy (FA) map

MRI has been used in attempts to reveal functional and structural changes in divers, 

but the results are conflicting. In one study, white matter spots or “lesions” were 

reported to be more prevalent in a group of recreational divers than in controls (76),

while this is not found in other studies (77, 78)

More advanced MRI techniques, such as diffusion MRI, which maps the diffusion 

process of water molecules in the tissue, have also been used to track physiological 

changes. A Norwegian study on former divers found increased diffusion in brains of 

divers compared to controls and a decreased blood flow in some parts of the brain 

(7).

One of the challenges when using MRI is to correctly interpret any irregularities 

revealed and to determine whether they are real or can be explained as an artefact 

of the program used for analyzing the images. Thus, as with any other procedure, it 

is important to use well trained personnel for analyses of MRI data.
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SUMMARY OF RESULTS

Paper I: S100B and its relation to intravascular bubbles following 
decompression 

Dived rats show significantly higher levels of the CNS injury sensitive biomarker 

S100B in serum than control rats. Following the deepest dive to 700 kPa, there was

a significantly higher bubble grade observed than following the dive to 400 kPa and 

S100B level was significantly higher in rats with a high bubble grade (> 2) than the 

rats with no bubbles or a low bubble grade (0 - 2) (Fig 6). It was concluded that the

correlation between bubble grade/dive depth and an increase in the serum protein 

level of S100B indicated that this protein may be used as a biomarker for 

neurological damage caused by decompression.

Fig 6: Box plot showing S100B concentration (pg/mL) in serum of control animals (n 

= 9), animals compressed to 400 kPa (n = 7) and 700 kPa (n = 11), p = 0,037.
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Paper II: MRI and histology on brain from decompressed rats shows 
circulatory, but no structural changes 

Rats exposed to simulated diving show changes in cerebral circulation one hour after 

decompression, having increased relative signal intensity (RSI) in the frontal cortex 

and thalamus (Fig 7). On examination of histology made two weeks after 

decompression, no differences between decompressed rats or controls at specific 

locations (- 3.25 mm from the bregma) corresponding to MRI findings were detected. 

One and two weeks after decompression, increased T2 in the brain stem of dived 

rats was found. Increased T2 signals result from a prolonged decay of magnetization 

of hydrogen protons after they are perturbed from alignment with the magnetic field 

of the MRI instrument. A rise in signal generally implies that hydrogen protons of 

water are less densely packed and ordered in the region of the high signal. This may 

be an indication of edema, but was not verified on histology (- 10.30 mm from the 

bregma). BBB leakage was not detected on MEMRI or histology (Fig 8).

Fig 7: Plot of the mean relative signal 

intensity for the whole brain (cerebrum) 

with time after injection of contrast agent. 

Blue lines represent mean for control 

animals with 95% CI and red lines 

represent mean for decompressed 

animals with 95% CI.

Fig 8: Pontine area stained to evaluate 

BBB leakage (albumin). Picture is taken 

with a 40x objective on a Nikon Eclipse 

80i light microscope.
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Paper III: Concentration of circulating autoantibodies against HSP 60 is 
lowered after diving in comparison to non-diving rats 

This study investigated whether rats immunised with P. aeruginosa produced 

autoantibodies against their own HSP60 and whether diving influenced the level of 

circulating anti-HSP60 antibodies. Results showed that the immunised rats (group 1) 

had a significant increase in the level of autoantibodies against HSP60, while no 

autoantibodies were detected in the dived rats (group 2). The rats both immunised

and dived (group 3) showed no significant increase in circulating autoantibodies 

against HSP60 (Fig 9).  A possible explanation may be that HSP60 is expressed 

during diving and that cross-reacting antibodies are bound to HSP60.

Group 1 Group 2 Group 3

Fig 9: Bars represent level of anti-HSP60 analysed by ELISA in blood samples taken 

every other week, before each immunization. ** There is a significant increase in 

anti-HSP60 level from week one to week 11 (p < 0.01) in group 1. Bars represented 

by * is significantly different between groups 1 and 3.  In group 2, there is no change 

in circulating anti-HSP60. Results are presented as mean OD values measured at 

490nm. The vertical lines represent the standard deviation.  
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DISCUSSION

The present thesis investigates the effect of diving on a number of biomarkers in the 

rat. We aimed to identify factors affecting possible short and long term health effects 

in occupational divers. The main findings were that rats that have undergone 

simulated diving had indications of CNS injury by a higher serum level of S100B. 

However, dived rats did not show any structural damage in the brain on MRI and 

histology, but differed from non-dived control rats in terms of their cerebral circulation

detected on MRI. Repeated exposure to bacterial HSP60 activated the immune 

system.

Central nervous system and occupational diving

The long-term effects of diving have been debated for many years. In 1993 and 

2005, international consensus conferences took place in Norway to discuss this 

subject. At the consensus conference at Godøysund in 1993 it was concluded that: 

“There is evidence that changes in bone, the central nervous system and the lung 

can be demonstrated in some divers who have not experienced a diving accident or 

other established environmental hazards. The changes are, in most cases, minor 

and do not influence the diver’s quality of life. However, the changes are of a nature 

that may influence the diver’s future health. The scientific evidence is limited, and 

future research is required to obtain adequate answers to the questions of long-term 

health effects of diving” (79).

Exposure to hyperbaric environments is associated with risk of developing DCS, 

AGE, neurological symptoms and pulmonary dysfunction (21, 80, 81). Possible long 

term health effects of working as a professional diver has been discussed and 

studied for many years. There is still no agreement on how and to what degree the 

CNS is involved. Available information on the acute responses to evident CNS injury 

after diving is mostly based on case studies and hence, is based on small sample 

sizes.

In paper I, the findings indicated that there may be a level of sub-clinical CNS injury

immediately after diving, indicated by an increased concentration of S100B in serum 
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samples from dived rats in comparison to non-dived controls. It cannot be said 

definitively whether the increase in S100B was due to a significantly higher amount 

of bubbles being present, or to the changes in pressure or oxygen concentration, as 

the highest bubble grades in this study were recorded after the deepest dive. 

However, in a recent rat study where no detectable bubbles were present after a 

simulated dive, the level of S100B was not increased (82). It is well documented that 

there is an increased risk of DCS with increasing number of bubbles (16) and 

neurological symptoms in divers are found to be correlated to having untreated DCS 

symptoms (83). Consequently, it would seem that the amount of vascular bubbles 

may be an important indicator of acute injury in the CNS associated with diving (84).

In a prospective pilot study investigating the relationship between acute DCS and 

S100B, the serum level was not elevated in human divers (25). Venous blood 

samples were taken prior to first recompression treatment and again after the last 

treatment and the average time between the dive and the first recompression 

treatment were 3 ± 2 days (25). Hence, the negative findings may be explained by 

the time lapse between dive and sample time; S100B has a relative short half-time 

(30- 120 minutes) (85, 86) and could therefore be excreted before samples were 

taken. 

It has been established that the biomarker used in paper I, S100B, is released 

following injury to the CNS and further, the concentration of the biomarker in blood 

samples is related to the degree of injury after acute stroke (87). However, S100B is 

not only specific for brain damage and is also found in increased levels in people 

where no brain damage is suspected or plausible (e.g. runners) (88). Therefore, in 

ideal circumstances and for clinical purposes, this biomarker should be used 

together with other biomarkers of CNS injury.

In research related to cerebral ischemia and traumatic brain injury, considerable

work has been invested in finding reliable biomarkers for diagnosis, prediction of 

clinical outcome and for estimating effectiveness of therapy. Cerebral ischemia 

provokes activation of a cascade of molecular events and consequently, several 

potential biomarkers are released into the peripheral blood (89). One could believe 

that similar cascades take place in response to neurological DCS or to cerebral 
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embolism due to decompression. In traumatic brain injury research, S100B is 

sometimes used together with neuron specific enolase (NSE) and glial fibrillary 

acidic protein (GFAP). While S100B is expressed in glial cells and mostly in 

astrocytes, NSE is primarily expressed in neurons. GFAP is not found outside the 

CNS, but in the astroglial cytoskeleton and is therefore more specific for CNS injury.

One of the challenges posed when using biomarkers is to choose that most suitable

for the process under study. In addition, using a single biomarker to examine 

pathological status does not necessarily reflect anything of physiological 

significance, if not supported by other measurements; it will only give a snapshot of 

the physiological response to diving. In addition to biomarkers linked to cellular 

damage, inflammation sensitive biomarkers and those related to oxidative stress are 

of importance. Those related to ischemic stroke are, amongst others, interleukin-6

(IL-6) and tumour necrosis factor alpha (TNF-

inflammatory reactions and ferritin and nitric oxide metabolites for oxidative 

processes (89). IL-6 levels in serum are found to be affected by deep open sea 

saturation diving (90). However, it is not known whether this elevation is due to 

cerebral inflammation or inflammation elsewhere in the organism. 

After finding higher levels of S100B in response to diving in paper I, it was of interest 

to study the brains of decompressed animals further in a controlled setting, using 

advanced MRI techniques in vivo. In MRI, contrast agents are often used as 

biomarkers of cellular damage or change in circulation, and hence it is a suitable 

imaging technique for research involving the CNS. 

In paper II, our main finding in the acute phase right after diving, was altered brain 

perfusion. The results from the acute phase are based on RSI measurements from 

DCE MRI. RSI calculations are based on measurement of the concentration of a 

contrast medium; hence the cause of the difference cannot be defined. It was 

observed that more blood is detected in two regions of the brain, the prefrontal 

cortex and the thalamus. It is not possible to conclude if this was caused by a 

leakage through the blood brain barrier. However, there are no indications of BBB 

leakage in the shape of the curve from the contrast agent elimination phase or in the 

comparison of post-contrast to pre-contrast images. The contrast agents were 
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injected into the tail of the rat; hence the difference in the measured signal intensity 

may be because of events between the tail and the brain, so the changes observed 

in the brain might be more a symptom than a cause.

Increased cerebral blood flow has been shown to be a result of an “overshoot” 

response to a decreased blood flow during hyperoxia (91). This may also be 

applicable to our results on increased RSI. The decrease in cerebral circulation is 

explained by a vasoconstriction caused by hyperoxia (92). Hyperoxia is also shown 

to increase cerebral cortex blood flow and possibly due to elevations of steady state 
.NO concentrations (93). Moen and colleagues (7) report changes in diffusion in the 

cerebellum and bilateral regions in the putamen and frontal lobe. Hyperoxic 

ventilation is also found to cause changes in activity of brain areas involved in 

autonomic and hormonal control, including the hypothalamus and regions that 

control the hypothalamus (94). The perfusion and hormonal changes caused by 

inhalation of 100% O2 could initiate a cascade of central and peripheral injuries 

through oxidative stress processes commonly reported with high oxygen ventilation 

(95).

Long term CNS effects

In paper II, it was of interest to carry out a longitudinal rat study after decompression 

to investigate the development of brain injury after diving. We did not find any 

structural changes in the brains of dived rats on MRI or on histology, but on day 14 

after diving, increased T2 in the brain stem of dived rats was found. Increased T2

signals result from a prolonged decay of magnetization of hydrogen protons after 

they are perturbed from alignment with the magnetic field of the MRI instrument. A 

rise in signal generally implies that hydrogen protons of water are less densely 

packed and ordered in the region of the high signal. This may be an indication of 

edema formation in pontine area of brain stem on MRI. Cerebral edema caused by 

gas emboli are found in patients after heart surgery (96). In previous experiments 

cerebral edema was shown in dived rats using a simple gravimetric method (97).

However, the protocol for staining and fixation used in this paper was not compatible 

with the procedure for measuring specific gravity; therefore we do not have 
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measurements on specific gravity that might have shown edema. One can speculate 

on whether the signs of edema formation in the pontine area are caused by gas

embolization, but we cannot establish this based on our analyses. We did not 

confirm edema on histology performed on tissue from area matched with MRI 

results. H&E staining of the pontine area showed no swelling of the endothelium, no 

vacuolisation or any signs of anoxia. CD68, GFAP and albumin staining showed no 

differences between the groups. Microglia is sensitive for tissue damage and with no 

staining of CD68 and activated microglia, we conclude that there is no evidence of 

tissue damage in pons present 14 days after diving. Astrocytes, stained by GFAP, 

appear normal and show no sign of isomorphic gliosis or anisomorphic astrocytic 

gliosis. A possible explanation for the altered brain perfusion detected on MRI is a 

change in microvascularity due to decompression. This has been suggested 

previously (7).

Neurological symptoms amongst commercial divers have been evaluated in 

epidemiological and clinical studies. In one study, CNS lesions were seen on 

magnetic resonance images more prevalent in recreational divers than in controls 

(76). However, other studies have not been able to repeat this finding (77, 78) and it 

is also noteworthy that the significance of white matter lesions is not clear.  

Abnormal electroencephalography (EEG) results (4-6 Hz theta activity) have been 

shown in the temporal or frontal regions after recompression treatment in five of 15 

divers with cerebral DCS (98). A study on former divers found MRI signals indicating 

an increased movement of water (diffusion) in brains of divers compared to controls 

and a decreased blood flow (perfusion) in some parts of the brain (7). The increased 

diffusion was explained as a sign of the degradation process in the brain’s 

microstructure, while changes in perfusion can be explained by changes in the blood 

vessel network in the brain. This study is highly relevant to the results found in our 

rat model, as presented in paper II. 

Saturation divers report problems with concentration and memory more frequently 

than control subjects, and it is suggested that CNS injuries cause this deficit (3, 99).

Conspicuous fatigue, visual disturbances, dizziness, nausea and changes in skin 

sensitivity are amongst self-reported symptoms that have connections to 
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decompression (83).  Saturation divers who have had DCS are reported to have a 

poorer quality of life according to questionnaire results (2).

The effect of asymptomatic diving upon the CNS is both controversial and uncertain, 

and there are conflicting reports of cognitive dysfunction in divers; Todnem et al (3)

reported impaired quality of life amongst saturation divers, while Ross and co-

workers concluded that this was caused by factors other than diving (99). In 2010, 

the Norwegian National Institute of Occupational Health concluded that, based on 

the available literature, there is not enough evidence to draw any conclusions 

concerning incident-free diving causing undesirable long term effects on the CNS 

(100). Under-reporting of incidents is also a problem when collecting meaningful and 

reliable data (101). Based on divers’ answers (both sports- and occupational divers) 

in questionnaires on the health effects of air diving, it was shown that there was a 

correlation between decompression problems and CNS symptoms in divers not 

treated for DCS. It is notable that the very mild symptoms, divers feel post 

decompression are often considered to be harmless and are seldom reported (83).

Environmental hazards

In the last paper (paper III), the rats' immune reaction to repeated exposures of a 

bacterium known to be a challenge in saturation systems, P. aeruginosa, was 

investigated. Exposure to this bacterium is known to cause skin disease in divers 

living in saturation systems and has led to some concerns. In the statistics for 1985-

99, reported by the Norwegian petroleum directorate, infections caused by P. 

aeruginosa were highly evident. P. aeruginosa is a problem in dive vessels, but the 

long term health consequences of exposure are not the primary focus of the reported 

statistics. Instead, health concerns are focused on the acute effects of the bacteria. 

Thus, in paper III, focus centered on the possible long term effects derived from 

repeated exposures to P. aeruginosa.

As it is thought that human antibodies may cross react in a process induced by the 

presence of HSP60, the immune reactions were studied using anti-HSP60 as a 



37

biomarker. The study was designed to observe three groups, each with different 

exposures to separate the responses: the immunologic response to the bacteria, the 

immunologic response with anti-HSP60 to diving and the immunologic response 

when combining diving with bacterial exposure. The immunologic response to the 

bacteria increased over time by an increasing level of circulating auto-antibodies 

against HSP60 in rats with repeated immunisations with P.aeruginosa. The pressure 

exposure did not itself produce circulating auto-antibodies and we did not find any 

increase in level of circulating antibodies during the experimental period in the dived 

rats. However, we were not able to detect circulating autoantibodies against HSP60 

in rats both immunized and dived. This may be due to binding of the circulating auto-

antibodies seen in the dived rats to HSP60 expressed during diving.

The main conclusions from paper III are that the higher autoantibody levels observed 

in rat serum after combining bacterial exposure and diving, indicate that cross-

reacting autoantibodies are present. Hence, it seems likely that the exposure to P. 

aeruginosa in the diving environment and recurrent skin-infections (51) may give rise 

to production of auto-antibodies against HSP60 that in turn may give detrimental 

long term effects.

At present, saturation diving is not associated with a high risk of DCS and even 

though there is room for improvement in decompression procedures, it seems that 

pressure changes per se are not the biggest health risk for saturation divers working 

on the Norwegian shelf today. Saturation divers are exposed to several 

environmental hazards that are not directly linked to the physiology of diving. These 

include welding fumes, dust, radiation from underwater x-raying (in accidents), 

biological hazards and chemical agents (102). In essence, diving is just another risk 

factor intrinsic to the dangerous environment in which they work. We still know too 

little about the basal physiological changes that occur under static or changing 

pressure to predict the consequences of exposure to environmental hazards during 

diving. 
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OVERALL CONCLUSION & FUTURE PERSPECTIVES

The present thesis presents three papers that suggest specific changes in 

physiology during diving. We suggest that cerebral blood flow is affected by the 

hyperbaric conditions, that the CNS may be injured due to bubble load during dives

and that exposure to the bacteria P. aeruginosa during diving may cause cross-

reactions that are possibly harmful in a long term health perspective. These results 

imply that environmental control is very important to ensure safe diving for 

occupational saturation divers.

Working underwater will continue to draw our attention to the understanding of the 

biological mechanisms that maintain the physiological balance in the body of a diver, 

both in relation to short- and long-term health of the diver. There is a need for 

prospective studies of the central nervous system after saturation diving, where 

retrospective studies have provided inconclusive or conflicting results. Divers are in 

their work exposed to pollutants and potentially toxic levels of breathing gas 

components that both may confer adverse health effects.

With advancing technologies, future studies should aim at targeting the biochemical 

pathways behind the adverse effect of decompression. Continued focus should be 

on other biomarkers for damage to the CNS following diving, and the link from 

exposure to P. aeruginosa and to atherosclerosis suggested in the present thesis.

Methods already in use need to be standardised and validated for better 

understanding of the physiological responses due to dive related exposures.
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S100B and its relation to intravascular bubbles following 
decompression
Marianne B Havnes, Astrid Hjelde, Alf O Brubakk and Andreas Møllerløkken



Bubble grade
0 1 2 3 4 5

Group II (400 kPa; n = 7) 4 3 0 0 0 0
Group III (700 kPa; n = 11) 2 0 1 0 0 8
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Simulated dive in rats lead to acute changes in cerebral blood flow
on MRI, but no cerebral injuries to grey or white matter
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Abstract In this study, the effect of a simulated dive on

rat brain was investigated using several magnetic reso-

nance imaging (MRI)-methods and immunohistochemistry.

Rats were randomly assigned to a dive- or a control group.

The dive group was exposed to a simulated air dive to

600 kPa for 45 min. Pulmonary artery was monitored for

vascular gas bubbles by ultrasound. MRI was performed

1 h after decompression and at one and 2 weeks after the

dive with a different combination of MRI sequences at

each time point. Two weeks after decompression, rats were

sacrificed and brains were prepared for histology. Dived

rats had a different time-curve for the dynamic contrast-

enhanced MRI signal than controls with higher relative

signal intensity, a tendency towards longer time to peak

and a larger area under the curve for the whole brain on the

acute MRI scan. On MRI, 1 and 2 weeks after dive,

T2-maps showed no signal abnormalities or morphological

changes. However, region of interest based measurements

of T2 showed higher T2 in the brain stem among decom-

pressed animals than controls after one and 2 weeks.

Microscopical examination including immunohistochem-

istry did not reveal apparent structural or cellular injuries in

any part of the rat brains. These observations indicate that

severe decompression does not seem to cause any struc-

tural or cellular injury to the brain tissue of the rat, but may

cause circulatory changes in the brain perfusion in the

acute phase.

Keywords Diving � Cerebral circulation � MRI �
Histology

Abbreviations

ADC Apparent diffusion coefficient

AUC Area under the curve

BBB Blood brain barrier

CNS Central nervous system

DCE Dynamic contrast enhanced

DCS Decompression sickness

DTI Diffusion tensor imaging

EEG Electroencephalography

FA Fractional anisotropy

FLASH Fast low angle shot

FOV Field of view

MD Mean diffusivity

MRI Magnetic resonance imaging

MTX Acquisition matrix

RARE Rapid acquisition with relaxation enhancement

RD Radial diffusivity

RC Relative contrast

ROI Region(s) of interest

RSI Relative signal intensity

SD Standard deviation

T1 Longitudinal relaxation time

T2 Transverse relaxation time

TE Echo time

TR Repetition time

TTP Time to peak
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Introduction

Saturation diving is widely used for maintenance and

inspection of off-shore subsea systems. Exposure to

hyperbaric environments is associated with risk of devel-

oping decompression sickness (DCS), arterial gas embo-

lism, neurological symptoms and pulmonary dysfunction

(Francis et al. 1990; Mollerlokken et al. 2011; Neuman

2003). Amongst the self-reported symptoms following

decompression are conspicuous fatigue, visual distur-

bances, dizziness, nausea and changes in skin sensitivity

(Brubakk et al. 1994). The latter symptoms may be related

to the effects of hyperbaria on the central nervous system

(CNS).

The long-term health effects of diving have been a

matter for discussion for many years, and several studies

have been performed to examine the neurological effects of

diving (Erdem et al. 2009; Irgens et al. 2007). Saturation

divers have reported problems with concentration and

memory more frequently than control subjects (Ross et al.

2007; Todnem et al. 1990). In recreational diving acci-

dents, neurological symptoms such as numbness, paraes-

thesia, dizziness and coordination deficiencies are among

the most often reported manifestations of DCS (Vann et al.

2011; Newton et al. 2007).

DCS is a clinical diagnosis associated with a number of

different signs and symptoms (Vann et al. 2011). However,

in serious DCS neurological symptoms dominate (Moon

and Gorman 2003). When neurological damage occurs in

divers, the suspected primary cause is vascular gas bubbles.

Vascular gas bubbles can enter the arterial circulation by a

number of methods, but most commonly due to a right-to-

left shunt in the heart, or after barotrauma (Warren et al.

1988). Vascular bubbles can have mechanical, embolic and

biochemical effects (Mollerlokken et al. 2011). Entrapment

of these bubbles may lead to cellular injury, cerebral edema

and increased permeability of the blood–brain barrier

(BBB) (Hjelde et al. 2002; Kaakkola et al. 1982). Acute

effects can be caused by extravascular bubbles producing

pain, or vascular bubbles obstructing and causing stroke-

like symptoms (Vann et al. 2011). High intensity signals in

the white matter on T2 weighted magnetic resonance

images (MRI) have been seen in divers after dive injuries

(Cordes et al. 2000; Hutzelmann et al. 2000), while inter-

estingly, cerebral abnormalities observed in case studies

seem to appear at different times-points and are of varying

permanence (Jallul et al. 2007). Abnormal electroenceph-

alography (EEG) results have been noted in the temporal or

frontal regions after recompression treatment in divers with

cerebral DCS (Gronning et al. 2005). The presence of

vascular bubbles does not mean that DCS will occur, but

the absence of bubbles is considered to be a good indicator

of decompression safety (Sawatzky 1991).

Bubbles can also lead to delayed symptom onset in

relation to the vascular system. Endothelial dysfunction has

been observed after diving in experiments with animals

(Nossum et al. 2002) and humans (Brubakk et al. 2005),

and is believed to be caused by vascular bubbles. Inflam-

matory responses have also been investigated in relation to

bubble formation and decompression (Bigley et al. 2008).

To what extent vascular bubbles and decompression per

se affect long-term health, if at all, is still controversial.

In the present study, the effect of a simulated dive on the

rat brain was investigated using several MRI-methods, at

1 h, 1 and 2 weeks after decompression. The rat brains also

underwent light microscopical examination including

immunohistochemistry.

Methods

Fourteen Sprague-Dawley (Taconic, Denmark) rats

weighing 310.75 ± 17.42 g were used in the study. All

experimental procedures and the care of experimental

animals conformed to the European Convention for the

protection of vertebrate animals used for experimental and

other scientific purposes, and the protocol was approved by

the Norwegian Council for Animal Research.

Dive protocol

Following 1 week of acclimatization, the rats were ran-

domly assigned to one of two groups, diving (n = 9) or

control (n = 5). The rats in the dive group were exposed to

a simulated air dive in a 20 L hyperbaric chamber with a

continuous air supply. They were compressed at a rate of

200 kPa/min to a pressure of 600 kPa, maintained at that

pressure for 45 min and then decompressed to the surface

(100 kPa) at a rate of 50 kPa/min. The control group was

kept in their housing facilities at 100 kPa (normal ambient

pressure), breathing air.

Ultrasound

Immediately after surfacing, the rats were anaesthetized

(1 % isoflurane mixed with medical air), and the pulmon-

ary artery was monitored for vascular gas bubbles for

30 min by transthoracic echocardiography using a 35 MHz

probe (Vevo770, Visual Sonics, Toronto, ON, Canada).

Bubbles were identified on the monitor as bright spots in

the pulmonary artery and verified with Doppler. The

amount of bubbles in the pulmonary artery was graded on a

0–5 scale according to a previously described method

(Eftedal and Brubakk 1997), where bubble grade 0 = no

bubbles, 1 = occasional bubbles, 2 = at least one bubble/

4th heart cycle, 3 = at least one bubble/heart cycle,
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4 = continuous bubbling and 5 = massive bubbling, also

described as ‘‘white-out’’ as individual bubbles cannot be

seen. The animals were observed for signs of neurological

decompression sickness, such as walking difficulties or

paresis, before and after the MRI.

Magnetic resonance imaging

MRI was performed 1 h after decompression (acute MRI)

and at 1 and 2 weeks after the dive, with a different combi-

nation of MRI sequences at each time point. All MRI was

performed using a 7 Tesla magnet (Biospec 70/20 AS,

Bruker Biospin MRI, Ettlingen, Germany) with water-

cooled (BGA-12, 400 mT/m) gradients. A volume resonator

was used for RF transmission, and an actively decoupled rat

head surface coil was used for RF reception (Bruker Biospin

MRI). During scanning, the anaesthetized (Isoflurane 4 %

induction and 2 % maintenance in 30 % O2, 70 % N2) rats

lay prone in a dedicated water heated rat bed. The head of

every animal was fixed in the same position with inbuilt

earplugs, tooth bar and nose-mask, to assure the same

placement within the magnet from scan to scan.

Acute MRI was performed after the ultrasound, within 1 h

after the dive. Before the MRI acquisition, the rats were

anaesthetized and a 25 Gauge neoflon was inserted in the tail

vein. After a gradient echo, fast low angle shot (FLASH) pilot

scan (acquisition time 1 min), a series of T2-weighted images

were obtained to visualise anatomical changes and oedema

using a turbo spin echo (rapid acquisition with relaxation

enhancement, RARE) sequence with RARE-factor = 4,

effective echo time (TE) = 25/50/75 ms, repetition time

(TR) = 4,000 ms, 3 averages, acquisition time 7 min 12 s.

Diffusionweighted imageswere obtained using an echo planar

imaging sequence with 3 directions and 6 b-values (100/200/

400/600/800/1,000 ms), TE = 53.47 ms, TR = 3,000 ms, 6

averages, acquisition time8 min 24 s. For all of these scans, 17

coronal slices were acquired.

To visualise acute changes in brain perfusion and possible

disruption of the BBB, dynamic contrast enhancement (DCE)

studieswereperformed: at first, aT1-mapwas acquiredusing a

RARE sequence with RARE-factor = 4, TE = 7.1 ms,

TR = 341/562/845/1,243/1,913/5,000 ms, 1 average and

acquisition time 7 min 55 s. This was followed by a pre-

contrast T1-weighted image (RARE): TE = 7.0 ms,

TR = 350 ms, 8 averages and acquisition time 1 min 41 s.

Acquisition matrix (MTX) was 256 9 144 zero-filled to

256 9 192 giving an isotropic in-plane resolution of

156 9 156 lm2. Thereafter, a time-series of T1-weighted

images was acquired (RARE-factor = 4, TE = 7.0,

TR = 300 ms, MTX 128 9 72, zero-filled to 128 9 96, 1

average).With each image taking 5.4 s to acquire, 200 images

were acquired over 18 min.After 60 s of acquisition, a dose of

0.3 mmol/kg 0.25 M gadolinium-based contrast agent

(Omniscan, GE Healthcare, United Kingdom) (total volume

*0.36 ml) was injected intravenously through the neoflon

over a period of 5 s. Finally, a post-contrast T1-weighted

image was acquired with the same parameters as the pre-

contrast T1-weighted scan. For all acquisitions, the field of

view (FOV) was 40 9 30 mm and 7 slices á 1 mm was

acquired.

The next day, animals were injected with a single dose

of 40 mg MnCl2 (# 7773-01-5, Sigma-Aldrich Inc., St.

Louis, USA) per kg bodyweight (*318 lmol Mn2?/kg) at

a concentration of 100 mM intra-peritoneally to serve as

MRI contrast for detecting subsequent inflammation and

gliosis 1 week after (Wideroe 2009).

On the follow-up, MRI made seven and 14 days after the

dive and T2-weighted images were acquired with the same

parameters as described for the acute MRI to study ana-

tomical changes and possible edema associated with tissue

pathology. In addition, to evaluate manganese-uptake, a 3D

data set was obtained on day seven using a T1-weighted

gradient echo FLASH sequence with flip-angle = 30�,
TR = 12 ms, TE = 3.25 ms. FOV = 30 9 35 9 20 mm

and MTX was 192 9 168 9 96 zero-filled to 192 9

224 9 128 and the interpolated resolution was 156 lm
isotropic. Images were averaged 16 times and acquisition

time was 52 min with 16 averages. The transmit field of the

volume-coil was considered homogeneous within the FOV,

while the spatially inhomogeneous sensitivity of the surface

coil used in the 3D T1-weighted FLASH acquisition was

corrected for using two additional scans in coupled and

single coil operation: 3D T1-weighted FLASH sequences

with the same FOV and contrast parameters as described

above but with matrix size 32 9 32 9 32. Acquisition time

was two min for each scan. Correction of the high resolution

3D data set was performed using in-house developed soft-

ware (MATLAB ver. R2010a), and is described in detail

elsewhere (Wideroe 2009).

On both 7 and 14 days after the decompression, diffusion

tensor imaging (DTI) was performed to evaluate specific

white matter injury and to look for changes in white matter.

The DTI was acquired with an Echo planar imaging

sequence using 30 directions and b = 1,000 ms, 5 images

with b = 0 ms: FOV = 40 9 40 mm, MTX = 172 9 172

giving a resolution of 233 9 233 lm2. On day 7,

TE = 37.5, TR = 3,000 ms, 17 slices á 1 mm were

acquired with two averages giving an acquisition time of

14 min. On day 14 TE = 37.5, TR = 5,000 ms, 33 slices at

0.5 mm were acquired with six averages giving an acquisi-

tion time of 1 h 10 min.

MR image analysis

In-house developed software (MATLAB ver. R2010a,

Math Works Inc, Natick MA, USA) was used to calculate
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apparent diffusion coefficient (ADC) maps by fitting a

mono-exponential model to the signal intensity of the

images with different b-values, while T2-maps were cal-

culated by fitting a mono-exponential model to the signal

intensity of the images with different TE-values. The same

software was also used to calculate DCE parameters using

the average signal intensities within the region of interest

specified below. The following DCE parameters were

calculated based on the T1-weighted image series acquired

during and after gadolinium-based contrast injection: rel-

ative signal intensity (RSI) 1.5 min after contrast injection,

RSI1.5min, area under the curve (AUC) during the five first

min after contrast injection, AUC5min and time to peak

signal (TTP).

All MR images were visually evaluated with respect to

morphological changes and with abnormal signal areas. In

addition, Medical Image Processing, Analysis and Visual-

ization software (ver. 5.3.4, Centre for Information Tech-

nology (CIT), National Institutes of Health (NIH))

(McAuliffe et al. 2001) were used for regions of interest

(ROI) analyses of the image data. ROIs in the frontal,

parietal and occipital cortex, hippocampus, putamen, thal-

amus and brain stem at the level of pons were drawn in the

T2-maps (Fig. 1) and copied to the ADC-maps and

T1-weighted images to ensure the same placement of ROIs

in all image sets. Average voxel values in each of these

regions were calculated and compared between groups.

The same ROIs were also used to calculate DCE parame-

ters, as described above. For the T1-weighted images used

for manganese-enhanced MRI 1 week after the dive, ROI

were also drawn in muscle areas lateral to the brain on both

sides. Using the average signal intensity from muscle, the

mean relative contrast (RC) was calculated in all the other

ROI using the formula:

RCROI ¼ SIROI

SImuscle

Where RCROI is the relative contrast and SIROI is the

mean signal intensity of the region of interest and SImuscle is

the mean signal intensity from the muscle ROI.

DTI analyses were performed with the tools of the

FMRIB software library (FSL ver. 4.1.4, Oxford Centre for

Functional MRI of the Brain, UK; www.fmrib.ox.ac.uk/fsl).

Images were pre-processed to reduce image artefacts due to

motion and eddy current distortions by affine transforma-

tion and co-registration of the diffusion encoded images to

the b0 images. Single data sets with severe ghosting arte-

facts were excluded from further analyses (day 21: n = 6,

day 42: n = 5). Brains segmented out using the Brain

Extraction Tool before FDT ver2.0 (both part of FSL) was

used to fit a voxel wise diffusion tensor model to the dif-

fusion image data (Behrens et al. 2003). Maps for the

fractional anisotropy (FA), mean (MD), radial (RD) and

axial diffusivity were created for all animals for days 7 and

14 after decompression. ROI were drawn in the internal

capsule, external capsule, hippocampal fimbria, body and

splenium of corpus callosum on the FA-maps. Mean FA,

MD, RD and axial diffusivity were calculated in each ROI

in each animal.

Histology

Two weeks after decompression, the rats were sacrificed

with an overdose of pentobarbital (300 mg/kg) and per-

fused with 4 % paraformaldehyde in phosphate-buffered

saline. Brains were post-fixed in the same fixative and

embedded in paraffin, then cut in 8 lm thick coronal slices

corresponding to -3.25 and -10.30 mm from the bregma

(Paxinos and Watson 2008) and stained with hematoxylin–

eosin (H&E) (Cell Path Ltd, UK, Chemiteknikk, Norway

and Sigma Aldrich, Germany). The sections were also

stained with Luxol fast blue (Chemiteknikk, Norway) for

myelin. For immunohistochemistry, the paraffin sections

were incubated with antibodies against anti-MAP-2 for

neuronal integrity (Sigma, USA), anti-glial fibrillary pro-

tein (anti-GFAP) (Millipore, Norway) as a marker for

reactive astrocytes, anti-cleaved caspase 3 (Cell Signaling

Technology Inc., USA) for apoptotic calls, anti-myelin

basic protein (anti-MBP) (Covance, USA) for myelin, anti-

CD68:FITC (AbD Serotec, Germany) for activated

microglia/macrophages and rabbit anti-rat albumin (Nor-

dic, the Netherlands) for BBB leakage. After primary

antibody incubation, sections were incubated with rat-anti-

FITC-biotin (Roche, Basel, Switzerland), horse-anti-

mouse-biotin (Vector Laboratories, Burlingame, CA),

goat- anti-rabbit (Vector Laboratories, USA) or Dako

Envision?System-HRP (Dako, Denmark). Visualization

was performed using a Vectastain ABC kit (Vector Labo-

ratories Inc., USA) and Diaminobenzidine (DAB) kit

(Vector Laboratories Inc., USA).

The sections were examined for neuropathology using a

Nikon Eclipse 80i light microscope and were analysed by a

blinded investigator. To assess any gliosis or vascular pro-

liferation both hemispheres were examined, and the number

of GFAP-reactive astrocytes and albumin-labelled vessels

were calculated using a 409 objective with an ocular grid.

Statistics

PASW Statistics 18 (release 18.0.2, SPSS Inc., Chicago,

IL, USA) was used for all statistical analysis and the level

of significance was set to 0.05. Two-sided t tests were used

to analyze differences in ADC, T2, DCE parameters, rela-

tive contrast in the T1-weighted images, and DTI param-

eters between groups of decompressed and control animals.
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Histology was analysed by a semi quantitative method

by a blinded and trained neuropathologist (SHT).

Results

Bubble formation and clinical outcome

Of the nine rats in the diving group, three died and six had

bubble loads graded between 2 and 4 (median 2) following

decompression. The rats that died had considerable bubble

loads (visible in tissue after sacrifice), with two dying

immediately after the dive and the third showing neuro-

logical symptoms of DCS in the form of temporary

paralysis of the hind legs; it died after the first MRI scan.

The remaining six animals had no clinical symptoms.

Acute MRI findings

Decompressed rats had a different time-curve for the

dynamic contrast-enhanced MR signal than controls, with

higher RSI (P = 0.017), a tendency towards longer time to

peak (P = 0.11) and a larger area under the curve for the

whole brain (P = 0.099) (Fig. 2). Region of interest based

analyses of the dynamic contrast-enhanced MRI (DCE

MRI) data that showed differences between decompressed

and control animals in frontal cortex and thalamus.

Decompressed animals had higher mean RSI (P = 0.023,

Table 1) and a tendency towards higher TTP and AUC in

Fig. 1 T2-maps of image slices throughout the brain showing regions of interest used in the analyses. FC frontal cortex, P Putamen, PC Parietal

cortex, H Hippocampus, T Thalamus, OC occipital cortex, BS brain stem. Colour bar indicates T2-values (ms)

Fig. 2 Plot of the mean relative signal intensity for the whole brain

(cerebrum) with time after injection of contrast agent. Blue line
represent mean for control animals with 95 % CI (blue dotted line)
and red line represent mean for decompressed animals with 95 % CI

(red dotted line)
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the frontal cortex than control animals (P = 0.076 and

P = 0.068, respectively). In the thalamus, AUC was higher

among decompressed animals (P = 0.033, Table 1) with a

tendency towards higher RSI and TTP (P = 0.068 and

P = 0.104, respectively). For all other areas, there were no

significant differences between the two groups.

Interestingly, the variation in all three parameters (RSI,

TTP and AUC) was higher among decompressed animals

than controls. There were no specific areas with increased

signal in the post-contrast image compared to the pre-

contrast image. The ADC-maps and T2-maps did not show

any focal changes indicating pathology in neither the

decompressed nor the control animals. Measurements of

ADC and T2 in several brain areas showed no differences

between the groups (Tables 2 and 3).

MRI 1 and 2 weeks after decompression

The T2-maps showed no signal abnormalities or morpho-

logical changes 1 or 2 weeks after the decompression.

Region of interest based measurements of T2 showed

higher T2 in the brain stem among decompressed animals

than controls after 1 and 2 weeks, with the same tendency

seen in thalamus (Table 3). There was also a similar

reduction in T2 in both groups from time 0 to week 1, with

a slight increase to week 2 (Table 3) which was related to

the administration of manganese on day 1 after decom-

pression. Visual inspection of T1-weighted images after

1 week showed similar manganese-enhancement in both

groups, and region based analysis of the images did not

show any differences between groups in relative contrast

1 week after administration of MnCl2 (Table 4).

No specific white matter abnormalities were seen on

DTI and parameters such as fractional anisotropy (FA)

(Fig. 3), mean, axial and radial diffusivity were not dif-

ferent between groups in the measured white matter

structures (Table 5).

Histology

In routine haematoxylin and eosin (H&E) sections and

after histochemical and immunohistochemical analyses, no

histopathological changes were observed with regard to

neuropil, neurons, glial cells, vessels or leptomeninges. In

particular, no signs of degeneration of neurons (no red

neurons), demyelination, gliosis, inflammation, microglial

activation or endothelial injury were detected. Further-

more, no parenchymal immunostaining for albumin was

noted consistent with no vascular leakage (Fig. 4).

Table 1 Calculated parameters from the dynamic contrast-enhanced imaging

RSI1.5min TTP (min) AUC5min

Control Decomp. Control Decomp. Control Decomp.

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Frontal cortex 1.05 0.02 1.09* 0.02 0.20 0.05 0.88? 0.64 0.17 0.08 0.31? 0.11

Parietal cortex 1.10 0.03 1.09 0.02 0.36 0.07 0.67 0.37 0.40 0.19 0.34 0.07

Occipital cortex 1.09 0.03 1.11 0.01 0.56 0.19 0.81 0.59 0.38 0.12 0.41 0.07

Hippocampus 1.09 0.03 1.11 0.02 0.65 0.36 1.06 0.46 0.37 0.14 0.47 0.06

Putamen 1.08 0.01 1.09 0.02 0.54 0.26 1.17? 0.59 0.35 0.07 0.38 0.03

Thalamus 1.08 0.01 1.10? 0.02 0.43 0.28 1.62 1.27 0.35 0.03 0.44* 0.06

Brain stem 1.07 0.03 1.10 0.04 0.97 0.63 2.27 1.54 0.33 0.05 0.35 0.11

Mean relative signal intensity 1.5 min after injection (RSI1.5min), time to peak after injection (TTP) in min and area under the curve 5 min from

injection (AUC5min) with standard deviation (SD) in different brain areas in groups of control and decompressed rats acutely after decompression

P values from two-sided t test with unequal variances

Significance is indicated by * P\ 0.05, ** P\ 0.01

P\ 0.1 is indicated by?

Table 2 Apparent diffusion coefficient (ADC) in different brain

areas acutely after decompression

Control Decomp.

Mean SD Mean SD

Frontal cortex 776.3 54.5 795.4 67.1

Parietal cortex 778.8 80.5 817.9 65.4

Occipital cortex 826.3 71.5 824.6 97.2

Hippocampus 830.0 56.4 879.3 74.4

Putamen 761.6 38.9 765.4 40.3

Thalamus 783.3 47.9 814.2 65.4

Brain stem 856.3 80.6 849.0 117.8

Mean ADC (10-6 mm2/s) with standard deviation (SD) in groups of

control and decompressed rats
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Discussion

The present study is, to our knowledge, the first controlled,

longitudinal study where MRI has been used to evaluate

effects of decompression. The results indicate that

decompression causes altered brain perfusion in the acute

phase, with increased T2 in the brain stem on MRI in the

2 weeks after decompression.

To study the ongoing process of the physiological

responses to a dive, three time points were chosen for

measurement, at 1 h, 1 and 2 weeks after decompression in

experimental animals. The dive profile that we used caused

bubble formation in all rats, with neurological symptoms

(paresis of the hind limbs) noted in one rat within 24 h and

immediate death caused in two rats. The death of three rats

indicates the severity of the dive profile. The rats that died

had considerable amounts of gas present in their vascular

system and tissue. Therefore, death was most probably

due to a large number of vascular gas bubbles causing

cardio-vascular collapse and shock leading to death (Muth

and Shank 2000).

The first MRI measurements were designed to look for

acute effects in the brain. DCE MRI was performed to

assess brain perfusion and permeability of the BBB. The

gadolinium-based contrast agent, Omniscan, used in this

study remains in the vasculature under normal homeostasis,

but is known to leak across the BBB when its integrity is

compromised (Wardlaw et al. 2008). The signal change

and shape of the signal curve reflects the amount of con-

trast agent in the brain circulation and any redistribution of

the contrast agent from the circulation to the brain tissue. In

the present study, the DCE measurements showed that

decompressed rats had increased RSI and AUC compared

to controls. This indicates an increased blood flow to the

brain tissue, and may be explained by an increased oxygen

demand secondary to a tissue hypoxia–ischemia caused by

the decompression stress. Perfusion changes are previously

Table 3 T2 in brain areas at different times after decompression

Acute 1 week 2 weeks

Control Decomp. Control Decomp. Control Decomp.

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Frontal cortex 49.5 1.1 50.1 1.5 47.1 0.6 47.5 0.9 48.1 0.6 48.3 0.9

Parietal cortex 50.8 0.6 50.9 1.5 48.4 0.5 49.1* 0.5 49.8 0.6 50.0 0.8

Occipital cortex 52.9 0.9 52.3 1.8 50.4 1.2 51.0 0.5 52.0 0.6 52.2 0.5

Hippocampus 55.1 0.3 55.1 1.4 51.3 0.9 51.6 1.4 53.2 0.8 52.8 1.8

Putamen 49.2 1.4 50.5 1.4 45.1 1.3 45.4 1.5 46.6 0.6 47.2 1.0

Thalamus 48.0 1.0 48.4 1.3 43.4 0.6 44.1 0.7 44.9 0.6 45.8* 0.8

Brain stem 51.7 0.9 51.7 1.9 46.6 1.0 48.1* 1.1 48.5 0.6 49.9** 0.4

Mean T2 (ms) with standard deviation (SD) in groups of control and decompressed rats. Acutely, 1 and 2 weeks after decompression

P values from two-sided t test with unequal variances

Significance is indicated by * P\ 0.05, ** P\ 0.01

Table 4 Manganese-enhanced MRI

Control Decomp.

Mean SD Mean SD

Frontal cortex 1.82 0.37 2.05 0.16

Parietal cortex 1.91 0.29 2.04 0.13

Occipital cortex 1.75 0.12 1.73 0.11

Hippocampus 2.10 0.28 2.04 0.16

Putamen 1.97 0.22 1.95 0.15

Thalamus 1.93 0.18 1.82 0.18

Brain stem 1.90 0.16 1.82 0.13

Mean relative contrast with standard deviation (SD) on T1-weighted

MRI in different brain areas in groups of control and decompressed

rats after 1 week. Increased relative contrast indicated manganese-

enhancement

Fig. 3 Image shows representative fractional anisotropy (FA) map
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documented in occupational divers in watershed areas of

the brain on MRI, and are explained by possible changes in

the function of the cerebral microvasculature (Moen et al.

2010). Since DCE was only performed at one time point in

our study, the duration of such circulatory changes are

uncertain.

As the shape of the signal curves from the DCE in the

elimination phase was similar between decompressed and

control animals and there were no areas with increased

signal intensity in the post-contrast images compared to the

pre-contrast images, it was concluded that there was no

significant leakage over the BBB in response to the

decompression at the time of imaging in the present study.

Decompression has previously been shown to cause

increased permeability of the BBB, as illustrated by leak-

age of dye (Trypan blue) into brain tissue of decompressed

rabbits with dye concentration correlating to visible intra-

vascular bubbles (Chryssanthou et al. 1977). We did,

however, not find any leakage of albumin in our immu-

nostained brain tissue sections, which would have indicated

a BBB leakage. However, using histochemical methods

such as Evans blue, increased BBB permeability after

decompression has been shown to be temporary and

reversible (Nohara and Yusa 1997). In the present study,

the acute MRI acquisition started 1 h after the decom-

pression and the DCE was performed last of all imaging,

starting approximately 2 h after the decompression. Hence,

any increased permeability of the BBB may have been

reversed at the time of imaging. Future studies should,

therefore, aim to perform DCE imaging immediately after

the decompression to establish whether this dive protocol

causes temporary changes to the BBB permeability. It is

important to establish whether there is a change in BBB

permeability in response to diving, since this may have

consequences for drug administration to divers and com-

pressed air workers. If the BBB is more permeable at a

certain time point, then drugs and environmental toxins

may penetrate the brain in amounts that could produce

toxic or undesirable effects (Chryssanthou et al. 1977).

Thus, changes in the integrity of the BBB do not neces-

sarily have any adverse effects per se, but exposure to

potentially damaging drugs or environments while it is

compromised may do.

Except for the changes in DCE MRI, no focal or general

changes indicating cerebral injury were found on anatom-

ical (T1 and T2) or diffusion weighted imaging 1 h after the

decompression. The early time point of imaging may

explain lack of signal changes on T1 and T2, but diffusion

Table 5 Diffusion Tensor Imaging results

Week 1 Week 2

Control Decomp. Control Decomp.

Mean SD Mean SD Mean SD Mean SD

Corpus callosum body 0.76 0.03 0.73 0.08 0.73 0.04 0.75 0.03

Corpus callosum splenium 0.79 0.03 0.73 0.08 0.69 0.04 0.67 0.08

External capsule 0.48 0.01 0.47 0.03 0.46 0.01 0.47 0.02

Hippocampal fimbria 0.71 0.03 0.65 0.06 0.75 0.01 0.73 0.04

Internal capsule 0.67 0.05 0.63 0.06 0.73 0.06 0.75 0.02

All structures 0.58 0.02 0.55 0.03 0.58 0.02 0.58 0.01

Mean fractional anisotropy (FA) and standard deviation (SD) in different white matter structures in groups of control and decompressed rats after

1 week

P values from two-sided t test with unequal variances

Fig. 4 Albumin and GFAP

stain from brain stem
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weighted imaging has previously been shown to be a very

sensitive method for detecting ischemic lesions (van

Everdingen et al. 1998). However, the lack of signs of

injury on acute MRI is not surprising, since all but one of

the animals showed no neurological signs at that time. In

previous studies, focal CNS injuries on conventional MRI

were found in the presence of neurological symptoms and

signs (Yoshiyama et al. 2007; Jallul et al. 2007; Gronning

et al. 2005; Reuter et al. 1997). Moreover, even in the

presence of clinical neurological signs suggesting brain

involvement, abnormalities on cerebral MRI are uncom-

mon, occurring only in 25 % of the patients in one study

(Reuter et al. 1997) and none in another (Gronning et al.

2005).

Hence, lack of detectable injury on acute MRI does not

exclude the presence of cerebral injury or that injury can

evolve. In fact, on follow-up 1 and 2 weeks after the

decompression, changes in T2 were found in brain stem and

thalamus among decompressed animals. These delayed

findings are in accordance with previously published clin-

ical reports, where MRI abnormalities, especially increased

T2 indicating focal CNS injuries, have been found several

weeks after the decompression (Reuter et al. 1997; Hier-

holzer et al. 2000; Jallul et al. 2007). These studies showed

MRI abnormalities mostly in the spinal cord, and this is

despite the fact that MRIs made during the first 24 h after

onset of symptoms (Jallul et al. 2007) were normal. In the

present study, we did not image the spine, but the T2

changes were located in the basal parts of the brain. These

brain areas are supplied by the basal artery and may have

poorer collateral circulation than the neo-cortex, and thus

represent more vulnerable areas of the brain in case of large

arterial air embolism. The primary cause of increased T2 is

increased tissue water content that can be taken as an

indication of tissue injury with secondary edema. Reduced

capillary density may also lead to increased T2 (Norris

2006). However, histological examinations did not show

any signs of tissue injury or vascular changes in the areas

with increased T2 or in any other brain areas. The origin of

the increased T2 is, therefore, uncertain.

The lack of other findings on MRI after the acute phase

could mean that the technique is not sensitive enough to

detect subtle tissue changes. However, the MRI results

were supported by histological and immunohistochemical

examinations that did not show any structural changes in

any part of the brain.

One of the hypotheses of this study was that decom-

pression leads to cerebral white matter injuries. However,

such injuries may be too subtle to detect on histological

examination and anatomical MR imaging, but could be

detected using more functional imaging techniques such as

DTI where the quantity and directionality of the water

diffusion of the tissue can be measured. Injuries to axons

and reduced myelination both give specific changes in the

quantity and directionality of water diffusion, but no such

effects could be detected in our study. Hence, there were no

indications that the decompression caused any harmful

effects to central cerebral white matter.

There have been several other attempts to study long-

term effects in animal models; the CNS has been studied in

goats subjected to several (mean 12.5), relatively severe

dives over a number of years. In the brains of three out of

36 animals, lesions were seen on MRI (T2). However, this

was seen in goats with no history of DCS. No evidence of

any histopathological damage in the brains of dived ani-

mals was found through staining with H&E and glial

fibrillary acidic protein (GFAP) (Blogg et al. 2004;

Woodger et al. 2001). One suggestion for the lack of sig-

nificant brain lesions detected in these dived goats was that

goats have a slightly different carotid blood supply than

humans, with a rete that might act as a filter to some

bubbles that pass into the arterial circulation (Daniel et al.

1953).

Conclusions

In conclusion, the present study indicates that severe

decompression does not seem to cause any structural or

cellular injury to the brain tissue of the rat, but may cause

circulatory changes in the brain perfusion.
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Concentration of circulating autoanti-
bodies against HSP 60 is lowered
through diving when compared to
non-diving rats
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Objective: Skin and ear infections, primarily caused by Pseudomonas aeruginosa (P. aeruginosa), are recurrent

problems for saturation divers, whereas infections caused by P. aeruginosa are seldom observed in healthy

people outside saturation chambers. Cystic fibrosis (CF) patients suffer from pulmonary infections by

P. aeruginosa, and it has been demonstrated that CF patients have high levels of autoantibodies against Heat

shock protein 60 (HSP60) compared to controls, probably due to cross-reacting antibodies induced by

P. aeruginosa. The present study investigated whether rats immunised with P. aeruginosa produced

autoantibodies against their own HSP60 and whether diving influenced the level of circulating anti-HSP60

antibodies.

Methods: A total of 24 rats were randomly assigned to one of three groups (‘immunised’, ‘dived’ and

‘immunised and dived’).The rats in group 1 and 3 were immunised with the bacteria P. aeruginosa, every other

week. Groups 2 and 3 were exposed to simulated air dives to 400 kPa (4 ata) with 45 min bottom time, every

week for 7 weeks. Immediately after surfacing, the rats were anaesthetised and blood was collected from the

saphenous vein. The amount of anti-HSP60 rat antibodies in the serum was analysed by enzyme linked

immunosorbent assay.

Results: The immunised rats (group 1) showed a significant increase in the level of autoantibodies against

HSP60, whereas no autoantibodies were detected in the dived rats (group 2). The rats both immunised and

dived (group 3) show no significant increase in circulating autoantibodies against HSP60. A possible

explanation may be that HSP60 is expressed during diving and that cross-reacting antibodies are bound.

Keywords: saturation diving; infection; long-term effects; anti-HSP60; immunisation
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S
aturation diving is widely used in the North Sea for

maintenance and inspection of off-shore sub-sea

petroleum production systems. Exposure to hyper-

baric environments is associated with a risk of developing

decompression sickness (DCS), arterial gas embolism,

neurological symptoms and pulmonary dysfunctions

(1�3). Divers are usually compressed in their working

and living environment for 12�24 days and are exposed to

an ambient pressure of 0.6�2.1 MPa (50�200 msw). The

hyperbaric working and living environment is warm and

humid and so maintains a rich microbial flora (4).

Health problems, such as skin and ear infections, in

divers working on the Norwegian Continental Shelf have

been systematically registered since 1985 (4). Within the

period from 1990 to 2010, four incidents of DCS and 201

incidents of outer ear infection were reported to the

Petroleum Safety Authority Norway (5).

Skin and ear infections in saturation diving are usually

caused by Pseudomonas aeruginosa (P. aeruginosa) (6).

Such infections have been common since the beginning of

saturation diving, and infectious outbreaks have caused

costly breaks in operations (7, 8). The P. aeruginosa
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bacterium is commonly found all over the world,

occurring in both fresh- and seawater, soil and on plants,

and the species is noted for its metabolic versatility and

its exceptional ability to adapt to and colonise various

ecological niches.

Infections caused by P. aeruginosa are seldom observed

in healthy people outside a saturation chamber, but the

bacterium is well known as an opportunistic pathogen.

Patients with cystic fibrosis (CF) suffer recurrently from

pulmonary infections due to P. aeruginosa (9). Insulin-

dependent diabetes is the most prevalent co-morbidity

condition in CF (10), and it has been suggested that

destruction of the insulin-producing beta-cells in the

pancreas is caused by autoantibodies that act against

heat shock protein 60 (HSP60) (11). HSP60 molecules are

highly phylogenetically conserved with about 50% se-

quence homology between human HSP60s and those of

P. aeruginosa (12). Thus, the presence of autoantibodies

against HSP60 in patients with CF may be due to human

antibodies cross-reacting in a process induced by the

presence of bacterial HSP60.

Heat shock proteins are involved in folding and

unfolding of other proteins (13) and are expressed in

response to various stressors such as hyperoxia, hypoxia,

heat, cold, exercise, some heavy metals and drugs, and

many of these factors are involved in diving (14). HSP60,

a member of this family, is highly expressed in vitro in

endothelial cells. It is normally an intracellular protein,

but in response to various stresses it is expressed on the

surface (15). Binding of anti-HSP60 antibodies to HSP60

has been suggested to be present in the development of

atherosclerosis (16). Furthermore, immunisation of mice

with human sera containing high levels of anti-HSP60

induces atherosclerosis (17). They even found a marked

induction of atherosclerotic lesions after a single injection

of purified anti-HSP antibodies (17).

Hence, a relevant question is whether P. aeruginosa

infections amongst saturation divers may induce produc-

tion of autoantibodies that might cross-react and bind to

human HSP60.

In the present study, we investigated whether rats

immunised with P. aeruginosa produced autoantibodies

against rat HSP60 and whether the autoantibody level

was affected by diving.

Material and methods
A total of 24 young female Sprague�Dawley albino rats

(Scanbur, Denmark), weighing 0.26290.013 kg, were used

in the experiment. All animals used in the experiment were

bought at the same time, from the same supplier and had

equal amount of time for acclimatisation. All experimen-

tal procedures and the care of experimental animals

conformed to the European Convention for the Protection

of Vertebrate Animals Used for Experimental and Other

Scientific Purposes, and the protocol was approved by the

Norwegian Council for Animal Research.

Following 1 week of acclimatisation, the rats were

randomly assigned to one of three groups, ‘Immunised’,

‘Dived’ and ‘Immunised and dived’ (n�8 for each

group). There was no significant difference in weight

between the groups.

One strain of P. aeruginosa (genotype E) isolated from

an infected saturation diver was used in this study (4).

The isolated bacterium was inactivated by 658C for 30

min. Cultures were solved in sterile and filtered phos-

phate buffered saline (PBS) buffer (pH 7.2) and diluted to

fit optical density (OD) of 600 nm To ensure that the

vaccine is sterile, growth was examined by coating 100ml
of the vaccine on Blood Agar and incubating at 378C for

2 days. The vaccine was preserved in aliquots at �808C
until vaccinations.

The rats in groups 1 and 3 were immunised with

P. aeruginosa crude antigen, 0.2 ml every other week,

from week 1 to week 9, in total five times. Two weeks

after the first immunisation, groups 2 and 3 were exposed

to simulated air dives. The rats only subjected to pressure

exposure had injections of saline solution (0.9% NaCl,

B. Braun, Melsungen, Germany), at the same time as the

other ones had immunisations. The compressions were

performed in a 20-L hyperbaric chamber with continuous

air supply. Both dive groups were compressed (200 kPa/

min) to 400 kPa (4 ata) with 45 min bottom time. The

decompression rate was 50 kPa/min. The dive protocol in

both groups was repeated every seventh day for 7 weeks,

in total seven times.

Immediately after surfacing, the rats were anaesthe-

tised with a subcutaneous injection of a mixture of

Haldol 0.33mg, Fentanyl 0.05mg and Midazolan 0.5 mg

at a dose of 2.5ml/kg of body weight. Blood was

collected from the saphenous vein. After blood sampling,

the rats were moved to their housing facilities where they

were allowed to recover.

Two weeks after the last test protocol was performed,

the rats received a 1.2-ml subcutaneous injection of the

same anaesthetic mixture as described previously and

were sacrificed by heart puncture.

Serological analyses: Enzyme linked immunosorbent

assay (ELISA) for detecting antibodies against rat

HSP60.

Sera were analysed by indirect ELISA. Recombinant

rat HSP60 (Stressgen, Victoria, Canada) was diluted at

a ratio of 1:1,000 in coating buffer, which contained

1.59 g of Na2CO3, 2.93 g of NaHCO3 and 1 L of

distilled water (pH 9.6), and 100ml/well were incubated

in microplates (Sterilin) overnight at room temperature.

Plates were then washed three times with PBS contain-

ing 0.05% Tween 20 (PBS-T). Plates were pre-incubated

at room temperature with 300 ml/well of blocking

buffer, containing 1% skimmed milk powder (Molico,
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Nestlè) in PBS, for 30 min. After washing three times

with PBS-T, wells were incubated in duplicate with rat

serum in a dilution of 1:10 ml/well, in blocking buffer,

for 2 h. Plates were washed three times with PBS-T and

incubated with polyclonal rabbit anti-rat IgG/ HRP

(DakoCytomation, Denmark), diluted at a ratio of

1:1,000 in blocking buffer, for 1 h at room temperature.

After washing four times with PBS-T, 100ml of

freshly made Sigmafast OPD (containing 0.4mg/ml

o-phenylenediamine, 0.4mg/ml urea hydrogen peroxide

and 0.05M phosphate-citrate in 20ml distilled water, pH

5.0) (Sigma, USA) was added to each well. After

30min, the reaction was stopped with 50ml of 2 M

H2SO4 and plates were read at 490 nm. OD values were

derived from duplicate determinations.

Statistics
The results are presented as mean9S.D. Mann�Whitney

and the Wilcoxon signed-rank test were used to analyse

the ELISA results. The level of statistical significance

was set at PB0.05. All statistical analyses were per-

formed using SPSS 14.0 (SPSS Inc., Chicago, Illinois,

USA).

Results
The results from the ELISA measurements of anti-

HSP60 antibodies in serum are shown in Figs 1, 2

and 3. In the immunised group (group 1), there was a

significant increase in anti-HSP60 level from week 1 to

week 11 (p 5 0.01) (Fig. 1). No significant increase in the

concentration of free anti-HSP60 antibodies was detected

in the diving group (group 2, Fig. 2) or in the immunised

and dived group (group 3, Fig. 3). There are significantly

higher levels of anti-HSP60 at week 9 (p�0.011) and 11

(p�0.006) in group 1, compared to group 3.

Fig. 1. Longitudinal study of anti-HSP60 level in serum in

the immunised group (group 1). Bars represent level of anti-

HSP60 analysed by ELISA in blood samples taken every other

week, before each immunisation. Notes: **There is a significant

increase in anti-HSP60 level from week 1 to week 11 (pB0.01).

Bars represented by * are significantly different from same week

in group 3 (Fig. 3). Results are presented as mean optical density

(OD) values measured at 490 nm. The vertical lines represent the

standard deviation.

Fig. 2. Longitudinal study of anti-HSP60 level in serum in the

dived group (group 2). Notes: Bars represent level of anti-

HSP60 analysed by ELISA in blood samples taken every other

week/dive, immediately after surfacing/decompression. There is

no change in circulating anti-HSP60. Results are presented

as mean OD values measured at 490 nm. The vertical lines

represent the standard deviation.

Fig. 3. Longitudinal study of anti-HSP60 level in serum in the

immunised and dived group (group 3). Notes: Bars represent

level of anti-HSP60 analysed by ELISA in blood samples taken

every other week/dive immediately after surfacing/decompres-

sion. In contrast to the immunised rats (group 1), there is no

significant change in level of circulating anti-HSP60.Bars

represented by * are significantly different from same week in

group 1 (Fig. 1). Results are presented as mean OD values

measured at 490 nm. The vertical lines represent the standard

deviation.

Concentration of circulating autoantibodies against HSP 60
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Discussion
This study demonstrates that the level of circulating

autoantibodies against HSP60 significantly increases

over time in rats with repeated immunisations with

P. aeruginosa (group 1). The dive rats (group 2) did not

show any increase in the level of circulating antibodies

during the experimental period, but more surprisingly, we

were not able to detect circulating autoantibodies against

HSP60 in immunised rats when the blood sample was

taken immediately after diving (group 3).

The increased level of autoantibodies against HSP60 in

the immunised rats in the current study is in accordance

with the situation seen in patients infected by the bacteria

P. aeruginosa (18). High levels of HSP60 autoantibodies

are associated with an increased risk of coronary heart

disease (19, 20) and have been associated with the

development of type-1 diabetes in CF patients (11).

The animals only subjected to pressure did not show

any increased level of circulating autoantibodies against

HSP60. Hence, the pressure exposures did not themselves

produce circulating autoantibodies.

When rats immunised with P. aeruginosa were exposed

to dives, they were not observed to have the same rise in

the level of circulating antibodies against HSP60 com-

pared to the immunised, non-diving rats. One possible

explanation for this may be that diving suppresses the

immune response. An alternative explanation may be that

HSP60 molecules are expressed on endothelial cells in

such a way that the cross-reacting epitopes are exposed to

the surface and, thus, enable binding between circulating

anti-HSP antibodies and exposed HSP60 epitopes.

There is considerable research on cross-reacting auto-

antibodies in relation to development of atherosclerosis

and in relation to several pathological reactions in CF

patients. Bindings between anti-HSP60 antibodies to

HSP60 have been demonstrated (16), and such bindings

may in turn give rise to inflammatory reactions

(11, 18�24).
We are not aware of any studies evaluating level of

autoantibodies against HSP60 in saturation divers. Ob-

servations in the present study of higher autoantibody

level after combining bacterial exposure and diving point

in the direction of having cross-reacting autoantibodies.

Hence, it seems likely that the exposure to P. aeruginosa

in the diving environment and recurrent skin infections

(6) may give rise to production of autoantibodies against

HSP60.
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