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Introduction and objectives

Decompression sickness (DCS) is a syndrome caused when the
partial pressure of dissolved gases in the organism exceeds the ambient
pressure, triggering the formation of gas bubbles in circulation and
tissues (Vann et al., 2011). These gas bubbles can lead to traumatic,
embolic, and biochemical/inflammatory alterations (i.e., cellular stress or
damage). Its abundance correlated positively with the risk of DCS
(Mahon and Regis, 2014). In humans, the main clinical manifestations
described in severe DCS are neurological, pulmonary, systemic, and
inner ear disorders (Lemaitre et al., 2009). Subjects undergoing the same
diving profile have shown a widely different pattern of gas bubble
formation (Nishi, 1993). Individual variability remains a factor to be
taken into account in this syndrome.

DCS has traditionally been studied in humans. It was first
described in the 19th century in caisson workers (Triger, 1845).
Nowadays, it is mainly associated with diving (Edmonds et al., 2015).
This syndrome has also recently been described in marine species, such
as sea turtles (Garcia-Parraga et al., 2014). Cetaceans were assumed to
be protected from DCS through a suit of diving adaptations developed in
their transition from land to water (Piantadosi and Thalmann, 2004).
However, a pathology consistent with DCS (decompression-like
sickness (DC-likeS)) was described for the first time in a mass stranding
of beaked whales coincidental in time and space with naval exercises
and the use of mid-frequency active sonar (Jepson et al., 2003;
Fernandez et al., 2005). Since then, DC-likeS in cetaceans has been
diagnosed in various beaked whales stranding associated with naval
exercises, but also in Risso’s dolphins struggling to kill their prey
(Arbelo et al., 2008; Bernaldo de Quirds et al., 2011b; Fernandez et al.,
2012; Bernaldo de Quirds et al., 2019). Regardless the recent literature,
the controversy in the scientific community as to whether adaptations to
diving prevent the appearance of DC-likeS in cetaceans remains a
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scientific debate. Therefore, it is necessary to investigate and provide
more evidence of this pathology in this group of marine animals.

In contrast to human and sea turtles, in which the diagnosis and
study of DCS is clinical, this syndrome in cetaceans can only be studied
by means of postmortem pathological studies in stranded animals. In
human medicine, experimental models of DCS have traditionally been
used in small mammals such as rabbits, rats, and mice, mainly focused
on prevention and potential treatments. Despite the extensive literature
on experimental models of DCS, few have delved into the pathological
aspects, being necessary an updated complete pathological study to
reinforce the pathological diagnosis of decompression pathology
consistent with DCS in cetaceans, but also for sea turtles or even
humans.

The traditional use of small mammals, mostly rodents, in
experimental DCS (e.g., Eggleton et al., 1945; Shim et al., 1967; Tanoue
et al., 1987; Arieli et al., 2010) could be replaced by an alternative fish
model. This was postulated due to the similarities in intravascular and
extravascular gas bubble formation of the gas bubble disease (GBD) in
fish and DCS in mammals (D’Aoust and Smith, 1974; Machado et al.,
1987). GBD is a pathology widely described in fish living in large dams
where masses of water fall from one reservoir to another, causing the
trapping and dissolution of atmospheric gases, due to the hydrostatic
pressure (Bouck et al., 1976; Weitkamp and Katz, 1980). This water is
hence supersaturated with dissolved gases and is responsible for large
fish mortalities in dams. The development of a gas embolism and its
associated lesions described in GBD are very similar to those observed
in experimental and natural decompression (Speare, 2010).

Considering the pathological similarities between GBD and DCS
and applying the replacement principle described in the Directive
2010/63/EU of the European Parliament which establishes the need to
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use animals with less capacity to feel pain, suffering, or lasting damage,
a fish model of gas embolism could be used as a basis to further explore
the pathophysiology of DCS. This model could be useful for the study of
pathological lesions associated with gas bubbles and for the study of the
biochemical/inflammatory alterations caused by the gas bubbles in blood
vessels and tissues.

OBJECTIVES

The present thesis project is part of the research line of Histology
and Pathology of terrestrial and marine animals from the Animal health
and food safety institute (IUSA) and it has been developed to broaden
the knowledge on the pathology and cellular alterations associated with
gas-bubble lesions. The main objectives were:

1. - To characterize the pathology associated with DCS in a well-
established animal model, i.e., the New Zealand White Rabbit, and to
compare these results with those described in cetaceans presenting a
decompression pathology.

2. - To induce in a reproducible and consistent manner an experimental
model of severe gas bubble disease in fish to produce intravascular and
extravascular gas bubbles and its associated lesions.

3. - To evaluate and validate the fish model of severe gas bubble disease
to study the gas-bubble lesions and its effects at the cellular level in
DCS.
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2.1.DECOMPRESSION ILLNESS

Decompression illness (DCI) is a term used to cover any
condition produced by a pressure reduction known as decompression,
such as decompression sickness and barotraumas (Lemaitre et al., 2009).
This disease can develop either at altitude or at depth; thus, population
groups such as divers, aviators, parachutists, or miners can be affected
(Ninokawa and Nordham, 2022). The term DCI is used in the clinical
field with no distinction between the different conditions but, referring
specifically to pathophysiology, is necessary to differentiate between
processes (Mitchell, 2019).

Barotraumas

Barotrauma is a physical damage that occurs due to the pressure
difference between a gas inside a corporeal space and the ambient gas,
causing an expansion of the body gas that may rupture the body cavity
where it is retained (Brubakk and Neuman, 2003). In DCI the most
frequent condition described is pulmonary barotrauma followed by inner
ear barotrauma. In pulmonary barotrauma, arterial gas embolism (AGE)
occurs due to the rupture of lung tissue and the entry of alveolar gas into
the arterial circulation, forming gas emboli that can reach the brain
(Francis and Mitchell, 2003).

Decompression sickness

Other classical condition of DCI is decompression sickness
(DCS). DCS isa clinical condition caused by the phase separation of the
dissolved gas in the organism when the sum of dissolved gases in blood
and organ tissues exceeds the ambient pressure (Vann et al., 2011),
resulting in the formation and growth of intravascular and extravascular
gas bubbles. This difference in gas tension occurs mostly in tissues and
in the venous side, leading to a systemic venous gas embolism (VGE).
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VGE will reach the lungs causing interference with gas exchange,
cardiac arrhythmias, pulmonary hypertension, and other systemic
processes related to systemic gas bubbles (Muth and Shank, 2000). This
thesis will focus on the study of DCS.

DCS is generally referred to in the context of divers, as this is the
group where it has been most observed. Within the divers, we can
differentiate between scuba and breath-hold divers.

2.2.HISTORY OF DECOMPRESSION
SICKNESS

DCS has been known since the 17th century, with the most
critical advances in this field developed between 1800 and 1900 (Mahon
and Regis, 2014). The scientists of this period who, in some cases such
as Paul Bert, dedicated their scientific careers to the study of this
syndrome, proposed hypotheses and set the basis for the prevention and
treatment by studying the symptoms of “caisson disease” or “the bends”,
synonyms of DCS. The Irish scientist Robert Boyle (1627-1691)
reported the first reference to DCS after observing gas bubbles in a
snake's eye placed in an airtight chamber and creating a vacuum (Boyle,
1670).

“Caisson disease”: Triger, Pol and Watelle

In the early 1800s in France, miners faced an unknown and
potentially fatal condition. This syndrome began to be observed in 1840
when Charles-Jean Triger (1800-1872), a French civil engineer,
implemented a pressurized chamber to work in underground mines in
which compressed gas was pumped to ensure that the workers breathed
enough oxygen (Fig. 1). Coined caisson disease, in reference to the
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French term for a box ("Caisson” in French) in which they descended, is
the first record of DCS in humans (Triger, 1845).

Figure 1. Diagram of the first use
of the Triger caisson in French
mines for coal extraction (Source:
Amédée Burat - Géologie
appliquée ou Traité de la
recherche et de l’exploitation des
Mines).

These caissons were used all over France during the following
years. Triger hired two physicians, Pol and Watelle, to study this
mysterious syndrome and the conditions that could lead to it in the
different projects where caissons were used. Miners began to report
symptoms such as arthralgia, myalgia, pruritus, paralysis, and dyspnea
when they returned to the surface and left the caisson. All these
symptoms were treated by different symptomatic treatment methods
ranging from cold water baths to essential oils. Pol and Watelle correctly
attributed the severity of the symptoms to the rate of decompression
suffered and postulated recompression for the first time as a possible
treatment guideline (Ninokawa and Nordham, 2022).

“The bends”: Jaminet and Smith

The first application of caissons was implemented in mines by
Triger but was based on an ingenious solution designed in 1691 for
bridge construction (Fig. 2) by the French physicist and inventor Denis
Papin (1647-1712). Applying the caisson to his original design (Fig. 3),

11
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the term “the bends” arises, used as a synonym for the DCS. This
designation first emerged in 1868 during the construction of the Eads
Bridge in St. Louis, Missouri (Fig. 4a), which included underwater work
in caissons on the Mississippi River. Workers emerging at the end of
their shift adopted a curved position resembling a fashionable Greek
female posture called the Grecian Bend (Fig. 4b). This position resulted
from the joint and abdominal pain they experienced upon returning to
the surface (Elliot, 1999).

Figure 2. Modern Caisson for
bridge construction (Source:
Engineering Discoveries).

. RIVERWATER
. RIVERBED
. STEEL CAISSON

1
2.

3,

4. CAISSON WORKERS TUBE

5. CAISSON 3
s.
7.
8.

. WASTE MATERIALTUBE
. WASTE MATERIALAIR LOCK.
. COMPRESSED AIR SUPPLY

11. SUCTIONTUBE

Figure 3. Diagram showing the components of a caisson for a bridge construction over a river.
The workers of the caisson enter through a locked door (5) that leads to a ladder through a tube
(4). At the same time, another conduit (6) is built through which, by means of a pulley, a crane
extracts the excavated or waste material via a locked door (7), in addition to a suction tube (11),
that returns the extracted water and sand to the river water (1) and bed (2). Compressed air is
introduced through a pipe (8) to ensure the workers' breathing. As the caisson deepens,
reinforcements (9, 10) are placed between the steel walls of the caisson (3) (Adapted from Carol
Denney. https://kshitija.wordpress.com/2006/07/15/caissons/).
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Figure 4. From left to right. a) Picture of the beginning of the construction of the East Bridge in
St. Louis, where DCS began to be described after several worker deaths (Source: Library of
Congress of USA). b) Poster advertisement showing a woman with the Grecian bend posture,
similar to the posture observed in bridge caisson workers and from where the synonym the bends
for DCS comes from (Source: Library of Congress of USA).

Alphonse Jaminet (1825-1890) was the physician in charge of
treating the workers when they returned to the surface, creating a field
hospital for monitorization, noting that the most affected were those who
had worked at greater depths. At the end of the St Louis Bridge project,
25% of the workforce suffered caisson disease, resulting in 13 deaths.
Jaminet’s findings were purely observational and, even, experimental
with himself (Jaminet, 1871). He was the first to postulate standard
ratios for compression and decompression, being the first step in today's
decompression injuries prevention standards (Ninokawa and Nordham,
2022).

In 1870, the construction project of the Brooklyn Bridge (New
York) began, involving working at greater depths, with caissons 3 times
larger than those used in the Eads Bridge. Andrew H. Smith (1798-1873)
was the physicist in charge of the health of the caisson workers,
describing similar symptoms to Jaminet and providing that the time of
exposure to compressed air was directly proportional to the severity of
the symptoms. Smith was the first to publish the term caisson disease in

13
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a book (Smith, 1873), in addition to describing that worker who died had
obesity, a finding that today is supported as a risk factor of DCS.

Paul Bert

It would not be until 200 years later that the first experimental
studies on gas bubbles production after decompression were carried out
by the French physiologist Paul Bert (1833-1886) (Fig. 5a). Paul Bert
described in his book La Pression Barométrique (Bert, 1878) all the
knowledge he had acquired by performing experiments on dogs, mice
and birds subjected to high and low pressures and their scientific
significance, explaining the causes of DCS (Fig. 5b). Paul Bert is
considered the founder of barophysiology.

PRESSION BAROMETRIQUE

]
FaRis
o, rrann

Figure 5. From left to right. a) Portrait of Paul Bert (Source: Wikimedia commons). b)
Cover of the book "La Pression Barométrique: Recherche de Physiologie Experimentale”, a
compilation of Bert's considerations in physiology, including his work on scientific experiments
with high and low pressures (Source: Radcliffe Science Library).

The main points described by Bert in this book were of great
importance for physiology. He described, for the first time, the
dissociation curves for oxygen and carbon dioxide in blood, and the
changes of this curve with temperature. Paul Bert also described how a
rapid decompression can led to mechanical damage, caused by the

14
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expansion of the gas stored in hollow organs such as lungs (swim
bladder in fish) or the gastro-intestinal track, or by the formation of gas
bubbles from previously dissolved gas in tissues and blood due to
changes in pressure. In addition, he established prevention guidelines for
decompression accidents through gradual decompression, considering
that the more profound the dive, the slower the decompression should
be. As for the treatment of DCS, he defined immediate recompression as
the only effective treatment for this disease, which could be
implemented with the administration of inhaled oxygen (Bert, 1878).

John Haldane

In familiarity with Bert's work and findings on caisson workers,
John Scott Haldane (1860-1936), a Scottish physiologist, built a
hyperbaric chamber to study caisson disease associated with the Lister
Institute of Preventive Medicine and the Royal Navy (Fig. 6). In these
experiments on animals, Haldane observed that most of the symptoms
derived from gas bubbles in the white matter of the nervous system. This
finding led him to hypothesize that, this structure was mainly composed
of fat, and that there was a relationship between the severity of the
disease and the amount of fat in the victims, as Smith had already
described. From here arise restrictions for workers who are overweight
in the caisson.

Figure 6: John
Haldane in a
hyperbaric
chamber (Source:
The Tennessean).
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Haldane created the theory of tissue half-times, that is, the time
needed for the slowest tissue to desaturate to half of the partial pressure
of its supersaturated state (Haldane, 1908). Based on this theory and the
guidelines described by Bert, he established the first decompression
tables defining that a worker should decompress to half the pressure at
which he has been working and slowly at 10-foot intervals, being the
basis of the preventive tables of today (Ninokawa and Nordham, 2022).
Haldane was also responsible for implementing the use of canaries
inside coal mines to detect harmful gases.

Breath-hold divers

DCS has also been described in breath-hold divers associated
with repetitive dives with short surface intervals, as pearl divers or spear
fishermen, or single dives at great depths, as diving athletes, both
situations causing an accumulation of gases known as supersaturation
(Schipke et al., 2006). Humans have been diving with breath-holding
since the ancient Greeks who dived in search of sponges, to the current
pearl divers, or the Ama, Japanese and Korean women divers who
collect shells, pearls, and food (Edmonds et al., 2015).

In the 1960s, the first description of decompression accident in
breath-holding divers was noted by Cross (1962), describing an illness
called “Taravana”, which means “to fall crazily”, very similar to scuba
divers' DCS. This first assumed description of DCS was in pearl divers
of Tuamotu Archipelago (French Polynesians islands), who experienced
vertigo, nausea, paresis, impaired vision, loss of consciousness, and
death, after repeated dives in search of pearls (Cross, 1962). These
divers performed an apnea diving pattern characterized by 40 to 60 dives
of approximately 2 minutes each and at a depth of 30 meters or more to
collect pearls. When they reached the surface they remained in short
intervals of approximately 3-4 minutes after which they submerged
again, causing a gradual supersaturation (Cross, 1965) (Fig. 7a).

16
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With a breath-hold diving pattern very similar to the one
described for “Taravana” disease, a group of divers known as the Ama
also collect shells and pearls, following a Japanese and Korean tradition
of more than 2000 years of existence (Nukada, 1965) (Fig. 7b). These
divers are usually women who work for more than 20 years, performing
two types of dives. The first is called "cachido" and consists of
descending to depths of 3 to 10 meters without any assistance. The
second is known as "Funado™ and involves using weights and ropes to
descend and ascend quickly in depths close to 30 meters deep (Lemaitre
et al., 2014). This diving pattern is repeated up to 60 times in a single
day with very short surface intervals, causing the appearance of
neurological symptoms, mainly in the Funado technique (Kohshi et al.,
1998). These symptoms are similar to those of “Taravana” disease and
are assumed to be decompressive disorders initiated by the formation of
gas embolism (Kohshi et al., 2021).

Figure 7. From left to right. a) Pearl divers reaching the surface with their fishing
baskets after an apnea dive (Source: Bahrain house of Photography). b) An Ama diver during a
breath-hold dive in search of pearls (Source: Yoneo Morita- Argusphoto).

Freediving competitions started in the 1940s, when Italian spear
fishermen began to compete against each other. As it gained followers,
this sport began to be divided into different modalities (Edmonds et al.,
2015). DCS is unusual for single breath-hold dives as the sum of the
accumulated gases is often not enough to generate DCS, although few
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cases of this syndrome associated with a single dive have been
described, mostly in diving athletes (Fitz-Clarke, 2009). The human
world record for depth with breath-holding currently stands at 253
meters in the discipline of no-limit free diving (Guinness World Record,
2012; Checked in July 2023) (Fig. 8a). No-limit free diving is the most
extreme mode in terms of depth, which consists of sinking by weight to
the bottom and, once the desired depth is reached, releasing the weight,
and inflating a bag with compressed air to help reach the surface
(Edmonds et al., 2015) (Fig. 8b).

Figure 8. From left to right. a) The Austrian free diver Herbert Nitsch performing the
Guinness depth world record in the no-limits free diving category, helped by a yellow structure
that serves in the lower part as a weight for the descent and in the upper part as an air structure

for the ascent (Source: https://www.herbertnitsch.com/freediver). b) Apnea world champion
Tanya Streeter performing a weighted dive. She holds the female Guinness record for depth in
the no-limits free diving category (160 meters) (Source: https://www.deeperblue.com/)

With the introduction of new devices such as fins, wetsuits,
weight belts and inflatable bags, it has been possible to reach greater
depths with higher risks of DCS episodes (Ferrigno and Lundgren,
2003). Wetsuits help to reach greater depths by maintaining body
temperature and reducing the low thermal sensation experienced at
depth. Even so, wetsuits near the surface have a positive buoyancy that
must be overcome in order to descend, so weight belts are used. In turn,
when ascending, these belts will generate more ballast and, to

18
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compensate the effects of these devices, self-inflating bags have been
implemented, allowing a faster ascent but leading to increased risk of
DCS (Edmonds et al., 2015).

Despite this, research surrounding DCS in this group of divers is
limited as it has been poorly described. Unless severe cases, breath-hold
divers do not require medical assistance, and cases are rarely reported
(Lemaitre et al., 2009).

2.3. DECOMPRESSION THEORY

Scuba divers and breath-hold divers inhale atmospheric gases in
which the main component is nitrogen, at a concentration of 78%. The
tissue partial pressure of nitrogen will depend on this concentration of
nitrogen and the ambient pressure. With the inspired concentration being
constant, the partial pressure of inspired nitrogen will be directly
proportional to the ambient pressure. On the other hand, the partial
pressure of ambient and body gases tends to be in equilibrium (Edmonds
et al., 2015). Therefore, as the environmental pressure increases with
depth, there is a higher partial pressure of nitrogen in alveoli which
favors greater diffusion. This is established first between the alveoli and
the blood circulation of the lungs and, secondly, between the systemic
blood circulation and the tissues (Tikuisis and Gerth, 2003). Thus, in a
healthy lung, the gas assimilated during the gas exchange in the
pulmonary alveoli is transferred to the systemic circulation, remaining in
solution and, from there, to the organic tissues (Francis, 2002).

Nitrogen accumulation and elimination

The saturation of the tissues with the breathed gases is known as
the saturation state, which will depend on two physical properties, their
perfusion, and the solubility of the gases in them. Thus, tissues highly
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perfused will assimilate gases rapidly being called fast tissues, while
slow tissues are poorly perfused tissues, which will assimilate this gas
slower (Tikuisisand Gerth, 2003). Since nitrogen is an inert gas that is 6
times more soluble in fat tissues than in blood, the gas balance between
blood and tissues will be faster in lipid-rich tissues (e.g., central nervous
system and adipose tissue) and slower in lean tissues (Edmonds et al.,
2015).

For the study of gas exchange and gas accumulation in tissues,
Boycott et al. (1908) proposed to divide the body into parallel
compartments corresponding to tissues with the same physical properties
(i.e.: blood prefusion and gas solubilities) (Fig. 9). At the end of a period
of immersion at a given depth, the faster tissues may get saturated and

balanced with the bloodstream, while the slower usually don’t (Edmonds
et al. 2015).

il
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Figure 9. Diagram for the concept of parallel compartments simulating tissues with
similar properties, mainly perfusion and composition. Compartment 1 is the fastest compartment
while compartment 5 the slowest compartment, Pa is the blood pressure of circulating inert gases

(Source: Edmonds et al., 2015).

As divers ascend to the surface, the ambient pressure decreases,
causing the alveolar and blood nitrogen pressure to decrease, generating
a nitrogen removal gradient. Fast compartments will eliminate nitrogen
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rapidly while slower compartments will eliminate nitrogen slowly (Fig.
10). If the ascent is rapid, the slow compartments will not be able to
equilibrate fast enough, presenting dissolved gas pressures (tension)
exceeding the ambient pressure. This condition is known as
supersaturation and can cause phase separation of the gases from
dissolved to the gaseous state, causing the formation of gas bubbles
(Edmonds et al., 2015).

DESCENT/BOTTOM ASCENT
100% !

FASTESTTC =
Highly perfused
with high rate of
absorption &
release

75%

50%

25%

SLOWESTTC =
<— | Limited perfusion
with low rate of
absorption & release

DEGREE OF SATURATION

0%

Figure 10. lllustration representing the saturation of fast and slow tissues. Fast tissues
are the first to saturate on a dive and to desaturate completely after ascent. Meanwhile, slow
tissues saturate to a lesser degree but are still off-gassing at the end of the dive. (Source:
www.readydive.com/education).

In the case of breath-hold divers, DCS is mainly associated with
repeated dives with short surface intervals (Schipke et al., 2006),
although there are also cases described in single dives, mainly at great
depths (Lemaitre et al., 2009). This group of divers has an air supply
(nitrogen) limited to the amount of air breathed prior to diving. During
immersion, the partial pressure of nitrogen in the organism attempts to
reach equilibrium with the ambient pressure, causing the organism to be
saturated. As ascent occurs, the partial pressure of nitrogen in tissues and
blood begins to be higher than the ambient pressure causing a
supersaturation state (Lemaitre et al., 2009). In this situation, dissolved
gas may come out of the solution and form intravascular and
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extravascular gas bubbles that may be asymptomatic and tolerated by the
organism, as they have been described even at shallow depths
(Eckenhoff et al., 1990), or caused DCS. Thus, when repetitive dives
with short surface intervals occur, the organism is unable to eliminate all
the nitrogen from the slower compartments, causing an accumulation
phenomenon that ultimately may lead to DCS (Schipke et al., 2006).

Origin of gas bubbles

Although the development of gas bubbles in DCS is not fully
understood, several possibilities have been hypothesized, outstanding the
growth of gas bubbles from pre-existing micronuclei versus spontaneous
or de novo development (Arieli, 2017). In the 1970s, it was proven that
spontaneous gas bubble formation in supersaturated pure water only
occurred from a pressure reduction of 200 atmospheres absolute (ATA),
a process known as cavitation (Gerth and Hemmingsen, 1976;
Hemmingsen, 1977). Thus, the theory of pre-existing gas micronuclei is
the most accepted and hypothesized over the last 70 years. However,
aspects such as nucleation, stabilization, and location of these
micronuclei have not yet been proven (Arieli, 2017).

Gas bubble formation can be intra- and/or extra-vascular, the
latter being known as autochthonous bubbles. The formation of
autochthonous gas bubbles causes structural and microcirculation
disruption of the tissue where they are located, varying the damage from
less problematic as in adipose tissue to very severe in the spinal cord.
The presence of gas bubbles circulating in blood vessels or intravascular
bubbles is known as gas embolism (Francis, 2002).

Gas embolism is defined as the circulation of gas within vascular
structures. These intravascular gas bubbles lead to obstructive as well as
biochemical alterations leading to vascular dysfunction, activation of
leukocytes and platelets, among other hematological alterations (Mahon
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and Regis, 2014). Besides these gas emboli, the presence of fat
embolism has also been described in DCS (Hulman, 1995). The origin of
fat embolism in DCS remains unknown, although different hypotheses
have been proposed based on the mechanical damage exerted by gas
bubbles in bloodstream and tissues (Hulman, 1995; Jones and Neuman,
2003). In this thesis, we will focus on gas embolism.
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2.4.DECOMPRESSION SICKNESS IN HUMANS

2.4.1. CLINICAL MANIFESTATIONS OF DCS IN
HUMANS

The clinical manifestations of DCS in humans can be classified
into two types based on severity. Type | includes musculoskeletal
symptoms such as limb pain, skin symptoms, and lymph node swelling.
On the other hand, type Il is a more severe manifestation of DCS,
characterized by neurological, pulmonary, systemic, and inner ear
symptoms (Lemaitre et al., 2009). Clinical signs affecting the brain and
spinal cord have a rapid and progressive onset, appearing within 30
minutes after reaching the water's surface. Other less specific
symptomatology includes headache, anorexia, dizziness, vomiting,
confusion, and localized pain, among others (Francis, 2002).

2.4.2. RISK FACTORS OF DCS IN HUMANS

Several factors have been suggested as possible risk factors for
DCS, either because they predispose tissues to bubble damage or
enhance bubble formation (Lemaitre et al., 2009). They can be classified
into predisposing factors, diving-related factors, and post-diving factors,
which require more in-depth studies to support them. However,
individuality plays a fundamental role. It has been shown that even with
the same dive profiles in similar subjects, gas bubble formation differs
(Nishi, 1993).

Predisposing factors

One predisposing factor is body fat, as observed by Smith and
later hypothesized by Haldane. Nitrogen is more soluble in lipid tissues
than in aqueous tissues, so an organism with more body fat will
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accumulate more nitrogen and will be at higher risk of bubble formation
(Carturan et al., 1999). This risk factor is the most studied and better
supported in the literature, analyzedsince the early days of DCS (Mahon
and Regis, 2014). As it is associated with obesity, the risk of DCS is
susceptible to increase in cases of poor physical condition (Broome et
al., 1995).

Another related risk factor would be sex. It is hypothesized that
females are more predisposed to DCS because of their relatively higher
percentage of body fat (Janssen et al., 2000). However, no variations in
DCS prevalence were observed between women and men in a
retrospective study of scuba divers (Hagberg and Ornhagen, 2003), and a
higher rate of bubble formation has been observed in men with altitude
related DCS (Webb et al., 2002). Hence, a conclusive association
between sex and DCS has not been demonstrated to date (Mahon and
Regis, 2014).

Older divers tend to have more venous gas bubbles than younger
divers with similar dive profiles (Eckenhoff et al., 1990). Hence, age has
been proposed as a predisposing factor for DCS risk (Carturan et al.,
2002).

Patent foramen ovale (PFO) is a defect in the closure of the
foramen ovale, a necessary structure in the fetal circulation that causes
the passage of blood directly from the right atrium to the left atrium of
the heart, preventing pulmonary circulation. At birth, this orifice begins
to close, and its persistence causes a right-to-left shunt. It is the most
common shunt in humans, being present in almost a quarter of the
human population (Hagen et al., 1984). If venous gas embolism occurs
in a diver with PFO, blood and gas bubbles can surpass the lungs and
enter directly into the arterial circulation through the PFO (i.e.,
paradoxical gas embolism), causing a pathology similar to an AGE. PFO
in association with decompression, is responsible for severe cerebral,
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vestibulocochlear, and spinal manifestations (Vann et al., 2011). It has
been estimated that the risk of developing severe neurological DCS is
2.5 times more likely in a diver with PFO than without this pathology
(Bove, 1998).

DCS has been also associated in cases of dehydration, probably
due to the reduction of blood flow and therefore of gas removal; and
with previous episodes of DCS (Lemaitre et al., 2009).

Diving and post-diving factors

The dive profile includes time, depth, and ascent speed to the
surface. Overall, the more these three parameters increase, the greater
the risk of DCS is. In addition, repetitive dives have been associated
with increased risk, as well as increased cardiac output (Francis, 2002)
and exposure to low temperatures which enhances the solubility of the
gases (Gerth et al., 2007).

2.4.3. DIAGNOSTIC OF DCS IN HUMANS

The diagnosis of DCS in humans is based on the presence of
symptomatology and confirmation of gas bubbles by imaging
techniques. Ultrasound, mainly Doppler ultrasound, is used as a non-
invasive method to corroborate the presence and quantity of gas bubbles
present in the circulation (Brubakk et al., 1986). The absence of gas
bubbles after immersion has been correlated with the absence of clinical
symptoms. Similar clinical signs have been associated in divers with
various amounts of gas bubbles detected by Doppler (Mahon and Regis,
2014). But there is a correlation between gas bubbles amount and DCS
risk (Gardette, 1979; Eckenhoff et al., 1990). Scientific consensus has
been reached regarding gas bubbles as the most likely cause of this
syndrome. The definitive diagnosis is established by the resolution of
gas bubbles and symptoms after hyperbaric treatment (Edmonds et al.,
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2015), although some symptoms may persist longer, due to the cytokine
cascade (Bigley et al., 2008), or even permanently if irreversible lesions
were caused (mainly in the nervous system) (Spira, 1999; Brubakk and
Neuman, 2003; Kamtchum Tatuene et al., 2014). Postmortem diagnosis
in humans will be explained in the pathology section of this thesis.

2.4.4, TREATMENT OF DCS IN HUMANS

In terms of treatment, recompression and slow decompression in
a hyperbaric chamber is the most used treatment (Fig. 11). It helps by
redissolving the gas in the vascular circulation and tissues and reducing
the size of the gas bubbles so they can safely be eliminated through
respiration. Bert postulated as early as 1878 the use of oxygen as both
preventionand treatment of DCS (Bert, 1878). Since 1960, in addition to
recompression in a hyperbaric chamber, oxygen breathing has been
added during the procedure, creating a concentration gradient in the
lungs and blood vessels that favors the dissolution and elimination of
inert gases. In addition, other adjuvant therapies with lidocaine or
corticosteroids, among others, have been postulated and are being
studied in experimental animal models (Mahon and Regis, 2014).

Figure 11. From left to right. Monoplace hyperbaric chamber, where patients with DCS
symptomatology are treated, as well as for the treatment of other diseases (Source: Jirangkul et
al., 2021). Multiplace hyperbaric chamber, where hyperbaric treatment can be performed on

several patients at the same time (Source: Jirangkul et al., 2021).
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2.5.DECOMPRESSION SICKNESS IN MARINE
ANIMALS

Both sea turtles and marine mammals have been presumed to be
protected from DCS due to their adaptations to the marine environment
in which they live. Recent studies demonstrated that sea turtles may
suffer from this clinical syndrome on certain occasions (Garcia-Parraga
etal., 2014). Cetaceans have also been diagnosed with a decompression-
like sickness (DC-like S) following post-mortem studies (Jepson et al.,
2003; Fernandez et al., 2005).

2.5.1. DECOMPRESSION SICKNESS IN SEA
TURTLES

Sea turtles spend almost 90% of their lives in apnea, performing
long and deep dives (Lutcavage and Lutz, 1997). The cause described
for DCS in these marine animals is bycatch, a conservation problem that
causes great deaths of sea turtles and, to a lesser extent, of marine
mammals, which are trapped accidentally in large fishing nets and
rapidly brought to the surface (Parga et al., 2020).

The adaptations of sea turtles to diving include small and
collapsible lungs, the passage of retained air to areas of the lung where
gas exchange does not take place and the presence of cartilaginous
reinforcements in the airways (Lutcavage et al., 1989). In addition, they
also present a muscular sphincter in the pulmonary arteries (White,
1976) and cardiac shunts (Hicks and Wang, 1996), which, in situations
of gas embolism, can cause the passage of gas bubbles from the
pulmonary area to the systemic circulation (Vann et al., 2011).
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2.5.1.1. CAUSES OF DCS IN SEA TURTLES

In some situations, sea turtles may suffer from DCS. This was
demonstrated by Garcia-Parraga et al. (2014) in a study conducted on
mediterranean sea turtles, being the first report of gas embolism in wild
sea turtles. For this study, an active campaign was started with the
collaboration of local fishermen to collect live and dead sea turtles
accidentally caught in gillnets and trawls. The fishermen provided
information on the behavior of the sea turtles during capture and the
research team conducted an exhaustive clinical examination of the live
animals, including blood tests and imaging techniques. Dead sea turtles
were examined by necropsy and histopathology (Garcia-Parraga et al.,
2014).

Sea turtles were in good body condition and without apparent
traumatic injuries. On reaching the water's surface, those turtles found
alive within fishing nets exhibited different behavioral patterns. Some
sea turtles presented typical findings of drowning, as abundant fluid on
endotracheal intubation and radiological alveolar pattern. Drowning and
DCS can be two concurrent causes of death in bycaught sea turtles.
Systemic gas embolism on the venous side was observed in several
animals. These sea turtles with signs compatible with DCS were
examined by computed tomography and different degrees of DCS
severity were established (Garcia-Parraga et al., 2014). DCS condition
has also been observed in sea turtles outside the Mediterranean Sea
(Parga et al., 2020), demonstrating that it is a pathology that can occur
worldwide.

Bycatch has been shown to have drastic effects on the physiology
and behavior of sea turtles, generating a situation of severe stress. It is
hypothesized that DCS in sea turtles may develop by disrupting the
response to diving. It has been proposed that particularly the pulmonary
artery sphincter in turtles plays an essential role in gas management.
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This sphincter constricts during diving causing a pulmonary shunt that
limits perfusion and gas exchange in lungs. Therefore, disruption of this
diving response mechanism may cause the sphincter opening and
promoting the accumulation of nitrogen in the tissues (Garcia-Parraga et
al., 2018). When animals are dragged towards the surface, a sudden
decompression is generated causing the development of intravascular
and extravascular gas bubbles.

It is assumed that the depth, the ascent rate, the immersion time,
and the water temperature described as risk factors in humans (Vann et
al., 2011) likely influence the severity of DCS in sea turtles (Garcia-
Parraga et al., 2014). Fahlman et al. (2017) found a positive correlation
between the depth of trawls and severity of DCS. Low water temperature
increases nitrogen solubility proportionally. Additionally, sea turtles
remain submerged longer and in deeper waters during the coldest
periods of the year (Hochscheid et al., 2007). Garcia-Parraga et al.
(2014) noted that most bycaught gas embolism cases occurred during the
coldest months of the year.

2.5.1.2. CLINICAL MANIFESTATIONS, DIAGNOSTIC AND
TREATMENT OF DCS IN SEA TURTLES

The diagnosis of DCS in sea turtles, as in human medicine, is
clinical, based primarily on the symptomatology presented. When sea
turtles are found in fishing nets, fishermen report normal, comatose or
initially hyperreactive animals. Some of them appear with aspiration of
water which is observed on intubation and compatible with drowning as
primary cause. Observations of clinical manifestations such as positive
buoyancy and erratic swimming when reintroduced have been reported.
Neurological signs may be seen progressively until death, which usually
occurs within 72 hours post-capture (Garcia-Parraga et al., 2014).
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Following observation of symptoms, the diagnosis can be
completed through blood tests, with increased hematocrit reported, and
imaging studies such as radiology, ultrasound, or computed tomography,
where the presence, abundance, and distribution of gas bubbles will be
evidenced (Garcia-Parraga et al., 2014, Parga et al., 2020).

Recompression with hyperbaric oxygen has been demonstrated
as an effective treatment, similar to human medicine (Garcia-Parraga et
al., 2014), resulting in an accurate clinical diagnosis of DCS in sea
turtles. Post-mortem examination by means of imaging and necropsy
techniques allows the observation of these gas bubbles (Garcia-Parraga
etal., 2014; Parga et al., 2020), which will be discussed in the pathology
section.

2.5.2. DECOMPRESSION-LIKE SICKNESS IN
CETACEANS

Marine mammals returned from land to the marine environment
approximately 60 million years ago and had to develop physiological,
anatomical, and behavioral adaptations to living in their new habitat
(Ponganis et al., 2003). Some of those adaptations promoted specialized
diving and were proposed to protect them against the formation of gas
bubbles (Piantadosi and Thalmann, 2004).

Respiratory system

One of the systems most adapted to the marine environment is
the respiratory system (Ponganis et al., 2003). Notable features are the
flexibility of the chest and the reinforcement of the upper airways,
enabling the collapse of the pulmonary alveoli while the upper airways
resist the pressure (Fahlman et al., 2015). In this way, the gas is retained
in the non-collapsible upper airways during the dive, helping to reduce
gas assimilation and the risk of gas embolism (Scholander, 1940;
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Fahlman et al., 2021). At the same time, these reinforcements facilitate
large tidal volumes with a replacement of 80-90% of lung capacity,
resulting in a very efficient gas exchange (Ponganis et al., 2003).
Another characteristic unique to cetaceans is the presence of bronchial
sphincters. The function of these elastic muscular structuresis still under
study, probably acting as a valve regulating the flow of air into the
alveoli during immersion (Kooyman, 1973).

Diving response

To conserve the stored oxygen, cetaceans have a very developed
dive response (Fig. 12), which consists of apnea, bradycardia, and
peripheral vasoconstriction for selective redistribution of blood. Blood
perfusion to vital tissues such as the central nervous is maintained, while
perfusion to other organs is extremely reduced, reducing the oxygen
consumption by those tissues. At the same time, bradycardia allows a
decrease both in cardiac output and oxygen consumption (Edmonds et
al., 2015).
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2.5.2.1. HISTORY OF DC-likeS IN CETACEANS

In 1940, Scholander postulated that marine mammals could
suffer from DCS due to their repetitive breath-holding dives
(Scholander, 1940), although it was not until the early years of the 21st
century that the first description of gas bubble lesions in cetaceans was
published. This publicationin the scientific journal Nature (Jepson et al.,
2003) and the subsequent publication of the complete pathological study
(Fernandez et al., 2005), broke an important dogma in the scientific
community, raising the possibility that cetaceans do suffer from a form
of DCS very similar to that described two centuries ago in caisson
workers, named DC-likeS. This first description arises from an atypical
mass stranding of beaked whales in temporal and spatial relationship
with naval exercises in 2002 in the Canary Islands of Lanzarote and
Fuerteventura, involving 14 beaked whales of 3 different species
(Ziphius cavirostris, Mesoplodon densirostris and Mesoplodon
europaeus).

First description of DC-likeS in cetaceans: beaked whales —
military maneuvers

Simmonds and Lopez-Jurado (1991) noticed in 1991 that mass
strandings of beaked whales in the Canary Islands in 1985, 1988 and
1989 were associated in time and space with military naval maneuvers in
which medium frequency and high-intensity sonar were used. In 1996
and 2000, this association was corroborated after two other episodes, in
Greece (Frantzis, 1998) and Bahamas (Balcomb and Claridge, 2001),
respectively.

From the first record in 1874 of beaked whales’ mass strandings
to 2004, 136 episodes were observed, of which 126 occurred after 1950,
coinciding with the implementation of medium-frequency active sonar,
known as MFAS, used mainly in international military naval exercises.
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Of the mass strandings described after sonar implementation, 37 of them
were highly correlated in time and space with training areas or naval
bases where sonars were operating (D’ Amico et al., 2009).

In 2002, another mass stranding of beaked whales in the Canary
Islands was the source of the first description of DC-likeS. Thus, this
first cause-effect association in cetaceans was established due to NATO
military maneuvers, where several warships and submarines carried out
exercises as part of the mission called “Neo-Tapon 2002”. The use of
mid-frequency sonar was recorded for 7 hours, stranding 14 beaked
whales on the coast of the easternmost islands, the first one 4 hours after
the beginning of the maneuvers (Fernandez et al., 2005). Even during the
attempts to reintroduce the specimens, military ships could be observed
several kilometers from the beach (Fig. 13). Half of the animals died,
and the other half were reintroduced, but within 3 days, the carcasses
appeared in nearby locations (Fernandez et al., 2005). The lesions
presented by the association of sonar and DC-likeS were characterized
as acute lesions caused by the formation of gas bubbles in vivo,
triggering a systemic gas and fat embolic syndrome (Fernandez et al.,
2005), as described in cases of “explosive-DCS” in humans (Hulman,
1995).

Y

Figure 13. Mass stranding of beaked whales in 2002, in the Canary Islands, showing volunteers

trying to reintroduce live specimens into the water (left) and, in the background, ships from the

Neo-Tapon2002 naval maneuvers, the causal agents of the strandings (right) (Source: Cabildo de
Fuerteventura).
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With the data supporting this association, in 2004, the European
Parliament urged its member states to adopt an anti-sonar moratorium
(European Parliament, 2004) until the impact on the marine environment
was known. Only the Spanish Government applied this moratorium and
limited it to the Canary Islands waters (Daily sessions of the Congress of
Deputies, 2004). Since the application of this moratorium to date, no
more atypical mass strandings of beaked whales have occurred in the
Canary Islands (Ferndndez et al., 2013). The effectiveness of the
application of the European anti-sonar moratorium in Canary Islands
waters demonstrated this association since, in other areas, massive
strandings of beaked whales continued to occur, such as in Almeria in
2006 (Arbelo et al., 2008) and 2011 (Bernaldo de Quiroés et al., 2011b),
and Corfu (Greece) in 2011 and 2014 (Bernaldo de Quiros et al., 2019).

Additional findings of DC-likeS in cetaceans: acute dysbaric
osteonecrosis (DON) and prey interaction

In 2004, the association of DC-likeS with DON in sperm whales
was described for the first time, hypothesizing that gas embolism is the
main cause of the development of this pathology (Moore and Early,
2004). Gas emboli can cause occlusion of the intraosseous
microcirculation, leading to this type of avascular necrosis and
increasing the risk of bone fractures (Jones and Neuman, 2003). DON in
cetaceans was associated with exposure to large environmental pressure
changes and was characterized by the presence of multifocal lesions with
erosion, ulceration and remodelling of cartilage and bone tissue (Moore
and Early, 2004; Rothschild et al., 2005).

DC-likeS has also been described in cases of interaction with
prey. Specifically, this interaction was observed in 2 animals in a
retrospective study involving 493 stranded cetaceans. Both animals were
Risso's dolphins (Grampus griseus) which, at different times, were
diagnosed with acute lethal DC-likeS following evidence of a recent
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struggle to ingest a large squid. Both pathological findings and analysis
of gas bubble composition led to the diagnosis (Fernandez et al., 2017).

Supportive evidence of gas embolism: fishing net entrapment

The presence of gas embolism has also been described in marine
mammals caught in fishing nets, being mainly observed in seals,
porpoises, and dolphins (Moore et al., 2009). Since these animals die at
depth due to entrapment, the chemical composition of the gas bubbles
presented is a clear reflection of the gases accumulated in tissues during
diving. Nitrogen was the mayor component of the gas bubbles found in
these entrapments, evidencing that marine mammals accumulate this
inert gas, and that morphological and physiological adaptations limit this
accumulation but do not prevent it (Bernaldo de Quiroés et al., 2013).

2.5.2.2. RISK FACTORS OF DC-likeS IN CETACEANS

To understand the incidence of DC-likeS in marine mammals it’s
necessary to differentiate between deep diving species and shallow
diving species since conditions affecting diving, such as breath-holding
time, temperature decrease or pressure increase, are critical at greater
depths (Kooyman and Ponganis, 1998). Shallow divers are theoretically
less at risk of developing DC-likeS due to their diving profiles that
involve a low accumulation of dissolved gases (Houser et al., 2001). On
the other hand, beaked whales are one of the cetacean families most at
risk for DC-likeS due to their characteristic deep and long dives, where
gas accumulation is greater. In fact, the depth record in mammals is held
by a beaked whale at 2992 meters, performing a dive lasting 137.5
minutes (Schorr et al., 2014). The dive time record in mammals is also
set by other beaked whale at 222 minutes (Quick et al., 2020).
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2.5.2.3. DIAGNOSTIC OF DC-likeS IN CETACEANS

The diagnosis of DC-likeS in cetaceans, unlike in human
medicine and sea turtles, cannot be performed in vivo, being pathology
the key to the diagnosis in these species. This is done by means of a
standard necropsy of the animals, observing gas bubbles and the lesions
associated with them, which will be developed in the pathology section
of this thesis.

Ultrasound has been used in live cetaceans to detect gas bubbles.
With this method, gas bubbles have been observed in kidney and hepatic
portal veins of different species of dolphins (Dennison et al., 2011) as
well as in the brain of a California sea lion (Van Bonn et al., 2013), but
with unknown aetiology. On the other hand, gas bubbles were not
observed in dolphins trained to perform repeated dives (Dennison et al.,
2011), so it is necessary to further investigate this possibility of in vivo
diagnosis.
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2.6.PATHOLOGY  OF DECOMPRESSION
SICKNESS

2.6.1. DECOMPRESSION PATHOLOGY IN HUMANS

When a decompression accident leads to death, the forensic study
begins with collecting the medical history and diving data. Thanks to the
new technologies applied in diving nowadays, dive computers accurately
indicate depth, duration, ascent rates, water temperature, gas used from
the cylinder, pressure, etc. These computers have valuable data that can
indicate inadequate practices or changes in the dive profile (Edmonds et
al., 2015).

In case of a suspected case of DCS, post-mortem imaging
techniques are always used before autopsy, a procedure that could
introduce gas artifact. These techniques include radiography, computed
axial tomography or magnetic resonance imaging, which are
increasingly common. With these techniques it is possible to quantify
the amount of gas and its location, mainly in the blood vessels in DCS
(Wheen and Williams, 2009). Even so, these techniques should be
evaluated carefully as the presence of gas may also be due to other
processes, such as decomposition of the body, post-mortem
decompression artifacts or resuscitation-induced gas (Edmonds et al.,
2015). For this purpose, gas composition can be analyzed revealing a
high concentration of nitrogen and carbon dioxide in cases of gas
bubbles produced due to decompression. In contrast, in decomposition,
hydrogen as a marker of putrefaction, is found in large quantities
(Bajanowski et al., 1998; Bernaldo de Quiros et al., 2012b; Varlet et al.,
2015).

External examination of the cadaver may reveal skin lesions that
are also reported as clinical manifestations. Frequently associated with
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severe lesions is cutis marmorata (Fig. 14), a skin lesion characterized
by a marbled appearance, with erythematous areas and cyanotic changes,
interrupted by pale areas (Edmonds et al., 2015).

Gross findings

DCS internal lesions during autopsy are related to gas bubbles
mainly in blood vessels of vital organs (Fig. 14), such as the lung or
heart, and tissues with high lipid content, such as subcutaneous tissue or
the myelin sheaths of neurons (Saukko and Knight, 2004). In the case of
extravascular or autochthonous gas bubbles, hemorrhages (Fig. 14),
emphysema, and necrosis are sometimes observed associated with these
gas bubbles, but their development is usually within hours and may go
unnoticed (Edmonds et al., 2015). Severe congestion of blood vessels of
organs such as the liver, spleen, lung, or kidneys are other macroscopic
findings found in DCS autopsies (Kitano and Hayashi, 1981). The most
affected organ is usually the lung, where pulmonary interstitial
emphysema may be denoted in gross examination. In this tissue, also
edema and hemorrhages can be observed (Saukko and Knight, 2004).
Pathological gross findings are confirmed microscopically (Saukko and
Knight, 2004).

Figure 14. From leftto right. Cutis marmorata (Source: Germonpre et al., 2015). Hemorrhages
in epicardial adipose tissue of the heart (Source: Ninomiya et al., 2013). Gas bubbles circulating
within vessels of the circle of Willis, in the base of brain (Source: Wheen and Williams, 2009).
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Microscopic findings

Microscopically, the presence of unstained intravascular oval
spaces between blood components in blood vessels consisting of gas
bubbles is the most common finding (Wheen and Williams, 2009).
Microscopic gas bubbles in pulmonary, cerebral, subcutaneous,
coronary, and mesenteric vessels, as well as dilatation of the right
atrium, has been described as the most frequent locations of gas
embolism (Wheen and Williams, 2009). Microscopic lesions are
associated with severe circulatory disturbances caused by these gas
bubbles, such as congestion, edema and hemorrhages in the liver, spleen,
lungs, kidneys, and other visceral organs (Kitano and Hayashi, 1981).

The histological changes seen in the central nervous system are
mainly in the spinal cord (Caruso, 2003) due to the high proportion of
lipids, which confers the myelin that surrounds the axons of the white
matter of this structure, and the low vascular flow, being already raised
by Haldane in the 1900s and later hypothesized by other studies (Francis
and Mitchell, 2003). Hemorrhages and infarcts are seen in the spinal
cord (Edmonds et al., 2015), and, microscopically, ring-shaped
hemorrhages are seen around the affected capillaries (Saukko and
Knight, 2004).

2.6.2. DECOMPRESSION PATHOLOGY IN MARINE
ANIMALS

Decompression pathology in sea turtles

In sea turtles the approximation to the dive history in humans can
be inferred from gillnet and trawl data. These data can be obtained
opportunistically from those provided by fishing boats in terms of
average time and depth deployment of gear nets (Fahiman et al., 2017).
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In necropsies performed on sea turtles diagnosed with DCS, gas
bubbles were observed in the right atrium and large blood vessels (Fig.
15). Spleen and lung emphysema, as well as congestion of most organs
were relevant macroscopic findings (Garcia-Parraga et al., 2014),
similarly to humans. Histologically, multisystemic congestion and
hemorrhages, perivascular edema, as well as intravascular gas bubbles in
vital organs were also observed. Moreover, other microscopic lesions
described in sea turtles were myocardial necrosis with myocyte
degeneration, alveolar edema and hepatic degeneration (Garcia-Parraga
etal., 2014).

Figure 15. a) Macroscopic gas
bubbles in the heart, specifically in
the venous sinus and right atrium.

b) Congestion and macroscopic

gas bubbles in the gastric
vasculature. ¢) Mesenteric blood
vessels with large gas bubbles

among the circulating blood. d)

Confirmed microscopic gas
bubbles in the right atrium of the
heart, e) blood vessel from kidney,

f) and lung (Source: Garcia-

Parraga et al., 2014).

Decompression pathology in cetaceans

In contrast to humans and sea turtles, pathological findings in
cetaceans are the key to diagnosis due to the clinical limitations and the
impossibility of introducing large animals into a hyperbaric chamber.
Necropsies must be performed promptly in cetaceans as the time elapsed
since death is usually unknown and putrefaction can mask the gas
bubbles previously formed by decompression (Bernaldo de Quiros et al.,
2012a). Besides, cetaceans possess the blubbler, an insulating layer of
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adipose tissue that increases the internal temperature of the organism and
accelerates the putrefaction process (IUSA field observation).

If in sea turtles the recent dive history may be inferred from
gillnetand trawl data, in cetaceans it could be inferred from the stomach
content. Undigested food remains in their stomachs would be indicative
of recent feeding, and the distribution of the prey in the water columns,
would indicate the range of depths at which the animals have been
feeding (Bernaldo de Quiros et al., 2019). Generally, these animalsare in
good body condition with stomachs full of fresh food (Bernaldo de
Quiros et al., 2019).

In cetaceans, due to logistical limitations, imaging techniques are
rarely an option. Therefore, Bernaldo de Quiroés et al. (2012a) developed
an index method known as gas score and conducted the first study on the
prevalence, distribution, composition, and amount of gas in stranded
cetaceans with different decomposition status. Gas score consists of
giving scores from | to VI for intravascular gas and | to Il for
extravascular gas, based on the amount of macroscopic gas observed in
determined locations (Bernaldo de Quirds, 201la) (Fig. 16).
Consequently, each animal is given a total gas score, obtained from the
sum of all the scores obtained, which allows for comparison.

tissues.

Definition

0 Absence of gas.

1 Scarce presence of gas: only in one organ or anatomic regiol

] Moderate presence of gas:
anatomic regions.

m Abundant presence of gas: affecting many different organs.
Systemic.

Figure 16. The gas score index is a semiquantitative method for grading the abundance of
intravascular (left) and extravascular (right) gas bubbles (Source: Bernaldo de Quiros et al.,
2016a)
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With this classification, it was observed that the amount of gas in
deep diving cetaceans was greater than in shallow diving, as in the case
of beaked whales (Bernaldo de Quirds et al., 2012a). In the retrospective
study describing Risso's dolphins diagnosed with DC-likeS after an
interaction with prey, the gas score obtained was clearly higher in these
two specimens compared to animals of the same species and same
decomposition status (Fernandez et al., 2017), demonstrating that the gas
score method is a useful tool for the diagnosis of DC-likeS. Gas score is
a complementary and important tool for the diagnosis of gas-
decompression pathology (Bernaldo de Quiros et al., 2016a).

A methodology of in situ sampling, storage and transport was
conceived to collect samples from cetaceans stranded in areas that were
difficult to access requiring further storage and transportation to the
laboratory for further analysis (Bernaldo de Quirds et al., 2011b). The
results of gas bubble composition in cetaceans are consistent with those
described in experimental animals and humans (Bernaldo de Quirds et
al., 2013). Both gas score and gas bubble composition are two tools that
should be used in fresh animals or performed as soon as possible to
maintain their diagnostic utility in cases of DC-likeS (Bernaldo de
Quiros et al., 2013).

If in sea turtles the recent dive history may be inferred from
gillnetand trawl data, in cetaceans it could be inferred from the stomach
content. Undigested food remains in their stomachs would be indicative
of recent feeding, and the distribution of the prey in the water columns,
would indicate the range of depths at which the animals have been
feeding (Bernaldo de Quiros et al., 2019).

Bernaldo de Quirds et al. (2019) analyzed 6 mass strandings of
beaked whales’ events in different territories (Canary Islands 2002 and

2004; Almeria 2006 and 2011; and Greece 2011 and 2014), describing
and summarising the commonalities of DC-likeS in these events. The
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main findings were abundant gas bubbles distributed in veins throughout
the organism, as well as multi-organ congestion and hemorrhages,
mainly in tissues rich in lipids such as the spinal cord, central nervous
system, coronary or renal fat was (Bernaldo de Quirds et al., 2019).
These results are similar to those described in the pathology of DCS in
humans (Edmonds et al., 2015).

As in humans and sea turtles, decompressive pathology in
cetaceans is mainly characterized by macroscopic and microscopic,
intravascular and extravascular gas bubbles, and associated gas-bubble
lesions (Fernandezet al., 2005; Fernandez et al., 2017). Hemorrhages are
present in different tissues, highlighting pulmonary pleura, renal
parenchyma, spinal cord, and subarachnoid space of the CNS in these
animals (Fernandez et al., 2005), similarly to DCS findings in humans.

Other findings in cetaceans with DC-likeS include pulmonary
and lymph node emphysema (Ferndndez et al., 2012), subblubber and
intestinal serosal edema (Jepson et al., 2005), multifocal petechiae in
acoustic fat and melon, and cavitary lesions in liver and kidney (Jepson
et al., 2005).

Figure 17. a) Dead stranded Risso's
dolphin after interaction with prey. b)
Presence of intravascular gas bubbles in
subcutaneous veins. ¢) Mesenteric veins

with gas bubbles, some of them
coalescing. d) Presence of coronary
veins with gas bubbles that completely
distend the blood vessels (arrowheads),
with few amounts of blood inside.
(Source: Fernandez et al., 2017).
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Microscopically associated with intravascular gas bubbles (Fig.
18), congestion, edema, and hemorrhages can also be seen perivascularly
(Fernandez et al., 2017). Multiorgan congestion, atelectatic areas near to
the pulmonary emphysematous foci and diffuse pulmonary and spinal
cord edema were also observed microscopically (Fernadndezet al., 2017).
In association with cavitary lesions, renal and hepatocellular necrosis is
observed, together with the formation of fibrin thrombi (Jepson et al.,
2005).

Figure 18. Presence of
unstained circular spaces
found between erythrocytes
compatible with microscopic
gas bubbles in a) liver, b)
lung, ¢) cerebellum, and d) in
the white matter of the spinal
cord (Source: Fernandez et
al., 2017)

2.6.3. ENDOTHELIAL DAMAGE AND ASSOCIATED
BIOMARKERS

The pathogenesis of DCS is associated mainly with the presence
of circulating gas bubbles in blood (Levin et al., 1981; Huang et al.,
2003; Pontier et al., 2008; Brubakk and Magllerlgkken, 2009; Zhang et
al., 2016; Zhang et al., 2017a). Endothelial cells are the first cell layer to
enter in contact with intravascular gas bubbles, as they line the inner
aspect of blood vessels. These gas bubbles may induce endothelial
proinflammatory and prothrombotic phenotypes (Su et al., 2004).
Endothelial function is reduced in divers after a single dive, while
dysfunction appears with repetitive dives (Brubakk et al., 2005; Obad et
al.,, 2010). The impairment of endothelial function is positively
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correlated with the presence of gas bubbles (Levin et al., 1981; Zhang et
al., 2016), and may continue several days after decompression (Obad et
al., 2007). Some studies suggest that endothelial damage is primarily due
to direct contact with gas bubbles, causing endothelial cells to express
different biomarkers and reactions in response to this stress or injury (Su
et al.,, 2004; Zhang et al., 2016). In contrast, others propose an
alternative to direct damage mediated by secondary molecules such as
reactive oxygen species (Madden and Laden, 2009; Wang et al., 2015a).

Endothelial cells are a source of vasoactive substances such as
nitricoxide (NO), a relaxing factor responsible of vasodilation (Nossum
et al., 2002), a function that is compromised when endothelial damage
occurs (Wang et al., 2015a). NO maintains silenced cellular processes
such as inflammation, cell proliferation, and thrombosis (Deanfield et
al., 2007). When NO synthesis or activation is inhibited, gas bubble
formation is increased (Wislgff et al., 2003), and when NO-releasing
substances are administered, bubble formation is decreased (Wislgff et
al.,, 2004). Thus, delving into endothelial alterations provides an
important target for the understanding and prevention of DCS (Fismen et
al., 2012).

2.6.3.1. Biomarkers of cellular damage

Endothelial alterations and cellular damage can be studied by the
quantification of biomarkers of are expressed in response to stress or
damage (Su et al., 2014). For our study, aiming at obtaining translational
results, these biomarkers should meet the following (1) being produced
by endothelial cells, (2) being easily accessible in blood samples, tissues
or cell cultures, (3) being indicators of endothelial activity, (4) being
well conserved phylogenetically, and (5) having been correlated with
decompressive stress. Among the biomarkers that follow these criteria
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are heat shock proteins 70 and 90 (HSP70, HSP90), intercellular
adhesion molecule-1 (ICAM-1) and endothelin-1 (ET-1).

Heat shock proteins 70 and 90 (HSP70, HSP90)

Heat shock proteins (HSPs) are a superfamily of proteins present
in all cellular organisms and highly conserved between species
(Schlesinger, 1990). Their main role in physiological conditions is
cellular proteostasis (Zininga et al., 2018) focusing on the folding of
newly formed proteins, protein trafficking, and protein assembly, among
others (Radons, 2016). They were first described in 1962 by Ritossa,
based on their increased synthesis in a house fly (Drosophila spp.)
subjected to heat stress (Ritossa, 1962), from which their name derives.
Later, it was observed that they responded to other cellular stresses such
as hyperoxia, hypoxia, nutrient deprivation, or exercise (Lindquist and
Craig, 1988; Kregel, 2002). They receive different denominations
according to their molecular weight, being HSP70 and HSP90 among
the most abundant (Mayer and Bukau, 2005) and accounting for 2-5% of
total proteins in some cells (Finka et al., 2015).

HSP9O0 participates in cell cycle control and regulates hormones
and client proteins, while HSP70 participates in cellular transduction
signaling, apoptosis (Macario and Conway de Macario, 2007), assembly
of multiprotein complexes or binding to nascent polypeptides before
their release from the ribosome (Radons, 2016). HSP90 is the most
abundant HSP in cytosol of unstressed cells (Miller and Fort, 2018) and
HSP70 is the most studied in eukaryotic cells (Tavaria et al., 1996). In a
wide range of pathologies, HSPs expression is increased, producing a
cytoprotective and immunomodulatory effect (Radons, 2016),
attenuating tissue injuries (Morimoto, 1993). Hence, they are used as
biomarkers of cellular damage (Zininga et al., 2018).

47



Comparative study of gas-bubble lesions using experimental models

Several studies have proven that HSP70 is a reliable marker for
the study of different cellular stresses (Matsuo et al., 2000; Szyller et al.,
2022). The occurrence of DCS has also been associated with elevated
expression of HSP70 in rats at levels very similar to the expression
under heat stress (Huang et al., 2003), mainly observed in lung, liver,
and heart of rabbits subjected to compression/decompression (Su et al.,
2004). Few studies on the alteration of HSP9O0 related to decompressive
stress have been carried out, with results differing from each other
(Szyller et al., 2022).

Intercellular adhesion molecule 1 (ICAM-1)

Cell adhesion molecules (CAM) are a family of transmembrane
proteinsinvolved in intercellularjunctions or cells with the extracellular
matrix (Bigley et al., 2008). This superfamily contains several family
members, as intercellular adhesion molecules (ICAMs) or vascular cell
adhesion molecules (VCAMSs) (Henninger et al., 1997). Interaction
between cells is mediated by the family of ICAMs. The CAM most most
widely known is ICAM-1 (Anbarasan et al., 2015).

ICAM-1 is expressed in the membrane of several cell types,
including endothelial cells, at low concentrations under physiological
conditions (Hubbard and Rothlein, 2000). This transmembrane protein
serves as a receptor for leukocytes, causing them to bind to endothelial
cells and transmigrate to different tissues (Van de Stolpe & Van der
Saag, 1996). Besides inflammatory cell trafficking, ICAM-1 also plays
an important role in antigen presentation and signal transduction within
the cell (Mukhopadhyay et al., 2016).

In response to damage or inflammation, the prothrombotic
phenotype of endothelium induces the expression of ICAM-1, to
facilitate this migration of immune system cells (Anbarasan et al., 2015).
This type of CAM has been considered as a sensitive biomarker
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reflecting direct endothelial damage (Zhang et al., 2016) and, as an
endothelial disruptor. DCS causes an increase in the levels of
inflammatory mediators such as cytokines or CAM (Zhang et al.,
2017a). Increased expression of ICAM-1 was observed by
immunohistochemistry techniques in the lungs and brains of rats after
decompression (Bigley et al., 2008), remaining dysregulated for several
days. It has been observed that ICAM-1 have its highest peak expression
in blood serum at 24 hours post-decompression, remaining at similar
values beyond 72 hours (Zhang et al., 2016).

Endothelin-1 (ET-1)

Endothelins are a family of potent vasoconstrictor peptides, with
three known isoforms ET-1, ET-2, and ET-3 (Inoue et al., 1989). ET-1 is
the main contraction factor generated by the endothelium (Virdis et al.,
2010) and the most potent vasoconstrictor factor known (Yanagisawa et
al., 1988). ET-1 acts as an antagonist of the vasodilator function of NO
(Boulanger and Luscher, 1990) and are also involved in the stimulation
of cardiac and smooth muscles contraction, regulation of vasoactive
substances or stimulation of secretion by tissues such as kidneys or
adrenals, among others (Watson and Arkinstall, 1994). Besides
endothelial cells as major producers of ET-1, this substance is also
produced by cardiomyocytes, neurons, Kupffer cells or renal medulla
cells (Piechota et al., 2010).

ET-1 has been considered to act as a stress response, and its
expression is particularly associated with different cardiac, vascular, and
renal conditions (Schiffrin, 1999). When endothelial dysfunction occurs,
NO bioavailability decreases causing a relative increase in ET-1
expression, release, and activity (Alabadi et al., 1997). This imbalance of
vasodilator and vasoconstrictor factors contributes to hemodynamic
disorders (Marasciulo et al., 2006).
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Due to endothelial dysfunction generated by gas embolism,
Zhang et al. (2017a) postulated that the measurement of ET-1 in blood
serum could be of value as a biomarker of decompressive stress. In this
study, the time course of the half elevation of ET-1 expression post-
decompression ranged from 2 to 60 hours in blood serum (Zhang et al.,
2017a). ET-1 has been postulated as the most sensitive biomarker for
DCS, showing a positive correlation with the amount of gas bubbles
(Zhang et al., 2016).
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2.7.EXPERIMENTAL MODELS OF
DECOMPRESSION SICKNESS

Experimental animal models have been used since the early days
of the discovery of DCS, from the use of a snake by Boyle to the trials
with differentanimal species that led to Bert's findings or the creation of
a hyperbaric chamber for experimental animal studies by Haldane.
Although these studies were carried out more than a century ago,
together with observational findings, they have laid the foundations for
DCS and provided most of the information known about this disease
(Ninokawa and Nordham, 2022). In addition, the advances in hyperbaric
medicine of the last century have allowed the creation of increasingly
accurate dive tables for the prevention of DCS and, through the
experimental animal models, other essential aspects such as the
therapeutic approach or pathophysiology have been investigated to
deepen the knowledge of this syndrome.

Animal models are performed in different species, small rodents
being the group of animals most used for the study of DCS, especially
rats and rabbits, due to their availability and manageability. Other
species used to a lesser extent to study this syndrome have been swine
(Broome and Dick, 1998; Buttolph et al., 1998; Reuter et al., 2000;
Magllerlgkken et al., 2006; Laurent et al., 2013), sheep (Atkins et al.,
1988; Ball et al., 1999; Cole et al., 2006), dogs (Clay, 1963; Levin et al.,
1981; Francis et al., 1988), guinea pigs (Gersh et al., 1944; Eggleton et
al., 1945; Brown et al., 1978), mice (Lever et al., 1966; Blatteau et al.,
2012) and monkeys (Eggleton et al., 1945).

Experimental animal studies on DCS are developed by
introducing anesthetized animals into hyperbaric chambers where
different immersion profiles are simulated through compression and
decompression protocols. These protocols vary according to the study
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being performed but, in broad terms, typically involve compressions of
between 6 to 9 atmospheres absolute, holding times of between 45 to 90
minutes and rapid decompressions of between 3 to 9 minutes. These
simulated dive profilesresult in DCS and are mainly carried out in fields
such as diagnosis, risk factors, pathophysiology, gene expression and
treatment/prevention.

2.7.1. EXPERIMENTAL MODELS OF DCS:
TREATMENT

The treatment used to eliminate or reduce the number of bubbles
developed in DCS is mainly the addition of hyperbaric oxygen during
recompression in the hyperbaric chamber, as postulated by Bert and
implemented in humans since the 1960s. In recent decades, experimental
studies have continued to investigate hyperbaric oxygen treatment
(Broome and Dick, 1998; Geng et al., 2015) as well as normobaric
oxygen administration (Arieli et al., 2010) or prevention by hyperbaric
oxygen as a pretreatment (Arieli et al., 2009).

Other treatments have been proved to reduce severity or
eliminate the clinical signs of DCS associated with the damage
presumably caused by gas bubbles, such as the administration of
endothelial protective drugs as simvastatin (Zhang et al., 2015), escin
(Zhang et al., 2017b) or antioxidants (Obad et al., 2007). Treatment with
antiplatelet drugs as clopidogrel (Bao et al., 2015) or abciximab
(Lambrechtset al., 2015), hydrogen-richsaline (Ni et al., 2011), calcium
channel blockers such as BTP2 (Tang et al., 2020), antidepressants such
as fluoxetine (Blatteau et al., 2012), pulmonary surfactant aerolization
(Yu et al., 2020) or administration of nitric oxide donors (Wislgff et al.,
2004; Mgllerlgkken et al., 2006) appear to reduce DCS severity.
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2.7.2. EXPERIMENTAL MODELS OF DCS:
DIAGNOSTIC AND RISK FACTORS

Other studies have increased the knowledge of DCS using
diagnostic tools such as computed tomography (Reuter et al., 2000; Cole
etal., 2006; Laurent et al., 2013), creating models that differentiate DCS
from putrefaction by the onset time of bubbles. Following this line,
Bernaldo de Quirds et al. (2012b) demonstrated by analyzing gas
composition that, within 27 hours postmortem, gas bubbles found in
animals with DCS are mainly composed of nitrogen rather than
hydrogen, a marker of putrefaction. These studies are significant because
of the controversy that the decomposition process causes gas bubbles
that can mask those already formed by DCS. In addition, a simple
method applicable in necropsies has also been established, known as gas
score, which allows differentiating the gas produced by both processes
(Bernaldo de Quirds et al., 2016a).

Other studies focused on diagnosis have shown that the presence
of high amounts of gas bubbles in postmortem studies correlates with the
amount previously observed with ultrasound (Bernaldo de Quirds et al.,
2016b) and computed tomography (Cole et al., 2006). Other animal
models have tested the application of new methods complementary to
DCS diagnoses, such as gravimetric methods (Hjelde et al., 2002) or
behavioral tests (Buzzacott et al., 2014).

Despite many risk factors associated with DCS, some studies
show contradictory data, and it is necessary to investigate them in
greater depth. The amount of fat associated with overweight is one of the
most accepted and proven risk factors (Ball et al., 1999), along with
advanced age (Buzzacott et al., 2016). Other risk factors that have been
studied are previous treatments such as sildenafil, a potent vasodilator
used mainly for male impotence, which causes greater severity of DCS
(Blatteau et al., 2013); or the performance of aerobic exercise, which
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protects against DCS (Wislgff and Brubakk, 2001; Wislgff et al., 2004).
It has also been shown by an animal model in rats that circadian rhythm
influences the onset of DCS, being a factor to be considered in
underwater work (Butler et al., 2010).

2.7.3. EXPERIMENTAL MODELS OF DCS:
PATHOLOGY

Most of these studies focused on the study of a single system or
organ. L'Abbate et al. (2010) focused their study on the liver of rats with
DCS, demonstrating that gas embolism could be observed in this organ
through the portal system and extensively after several hours post-
decompression. Furthermore, it raised the need to clinically attend to this
organ, which is usually conceived with minor importance in the
pathophysiology of DCS (L'Abbate et al., 2010). Other studies have
focused their animal models on describing the alterations observed in the
respiratory system of sheep with DCS such as pulmonary edema and
pleural effusion (Atkins et al., 1988) or in the skin describing cutaneous
vascular congestion in pigs after decompression (Buttolph et al., 1988),
findings that contrast with the pathology described in humans.

Thus, animal models have been established by studying the
macroscopic presence of gas bubbles in the organism (Fig. 19) such as
Lever et al. (1966) who studied the onset time of bubbles in mice, or
Gersh et al. (1944) who described in guinea pigs the presence of
extravascular gas bubbles in fat-rich tissues while intravascular bubbles,
despite being observed in all organs, appear more numerous in blood
vessels of fat-rich tissues. Eggleton et al. (1945) established different
animal models to study DCS, describing that guineapigs are more
susceptible to decompression than rats or rabbits or that most animals’
dead by decompression have systemic formation of gas bubbles in
blood. Shim et al. (1967) performed a compression-decompression
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protocol in rabbits where they observed macroscopic gas embolism and
extravascular gas in the animals dead by the protocol.

Figure 19. Macroscopic appearance of
experimental rabbits subjected to rapid
decompression. A) Presence of emphysema of
the abdominal adipose tissue. B) Coronary
veins with presence of gas bubbles, right
atrium gas-distended and presence of apical
hemorrhage in the heart. C) Mesenteric veins
with abundant amount of gas bubbles among
the circulating blood. D) Emphysematous
spleen and gastric veins with gas bubbles.
(Source: Bernaldo de Quiros et al., 2016a)

Experimental models with histopathological studies are few. Clay
(1963) carried out a complete histopathological study of DCS in dogs.
He reported pathological findings similar to those previously described,
such as systemic intravascular bubbles, pulmonary congestion and
edema, extravascular gas bubbles in sections of the spleen and spinal
cord, among others. In addition, he analyzed by histology the bone
marrow of femurs, observing gas bubbles that disrupted the structure
(Clay, 1963). Francis et al. (1988) studied how extravascular gas bubbles
affected the spinal cord in dogs. He described intramyelinical structures,
compressing the rest of the tissue and without affecting the blood
vessels. There is an absence of full pathological studies in animal models
that provides a global perspective of DCS.
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2.8.GAS BUBBLE DISEASE AS A MODEL OF
DECOMPRESSION SICKNESS

2.8.1. DEFINITION OF GBD

Gas bubble disease (GBD) is a condition described in aquatic
species, triggered by an excess of total dissolved gases (TDG) in the
water, a process known as water supersaturation. Exposure to this water
leads to the formation of systemic gas bubbles, both intravascular and
extravascular (D’Aoust and Smith, 1974). This disease is widely
described in freshwater and saltwater fish (Bouck et al., 1976; Weitkamp
and Katz, 1980), but also been observed in other aquatic vertebrates
(Tsai et al., 2017) and invertebrates (Goldberg, 1978; Ross et al., 2017).

Given the similarities in terms of the pathophysiology triggered
by these gas bubbles and DCS, particularly gas embolism, several
authors have postulated the usefulness of a fish model of GBD for the
study of DCS (D’Aoust and Smith, 1974; Marking, 1987; Speare, 2010;
Machova et al., 2017). Since the 1970s, there has been an increased
interestin the study of this disease as a model of DCS, and, secondarily,
to increase the knowledge about GBD, which has raised in frequency
due to human activities (Speare, 2010).

Total dissolved gases in water

The most relevant atmospheric gases in percentage are nitrogen
(78.08%), oxygen (20.95%), and argon (0.93%). The other relevant
atmospheric gases present (the remaining 0.04%) are carbon dioxide,
neon, and helium (Harvey, 1975). The solubility of atmospheric gases in
water depends on their partial pressure in the atmosphere and will be
affected mainly by two factors related to water, such as hydrostatic
pressure and temperature. An increase in hydrostatic pressure increases
solubility of atmospheric gases and, inversely, increased water
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temperature decreases their solubility (Speare, 2010). The pressure of the
gases dissolved in the water tends to equilibrate with the atmospheric
pressure. Considering at sea level there is 1 atmosphere of pressure (760
mmHg), the TDG value for saturated water will be approximately this
value. In practice, it is assumed that 760 mmHg of TDG is 100% TDG
saturation in water (Marking, 1987) and TDG supersaturation occurs
above these levels. Initially it was postulated that nitrogen was the cause
of GBD, but Weitkamp and Katz (1980) concluded that TDG was a
better indicator to determine the potential of this disease.

Water supersaturation in natural conditions

Supersaturation of water occurs under natural conditions as in
groundwater. Aquifers are subjected to different pressures and
temperatures (Marking, 1987). The pressure exerted on these
groundwaters causes gases to be more soluble in them. When this water
rises to the surface and the pressure decreases or temperatures increases,
supersaturated water is generated (Weitkamp and Katz, 1980).

In waterfalls, atmospheric gases are trapped by the hydrostatic
pressure exerted when the water mass falls. If the hydrostatic pressure is
greater than the atmospheric pressure, it causes the atmospheric gases to
dissolve, causing an increase of TDG in this water. Supersaturated water
in cascades of up to 134% has been described (Harvey, 1975). Other
examples of water supersaturation in natural conditions include
extensive algal bloom (Woodbury, 1941), increased photosynthetic
activity (Renfro, 1963) and water round ice formation (Colt, 1986).

Water supersaturation by anthropogenic causes

The generation of supersaturated water is associated with
anthropogenic activities, and it has been observed mainly in large-scale
hydroelectric projects, representing high mortalities of fish populations
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(Speare, 2010). It has also been described due to air injection failures in
aquaculture facilities (Harvey and Smith, 1961).

Hydroelectric facilities are characterized by large waterfalls
between dams of a river, where a hydraulic turbine sends the energy
received from the flow of water to an electric generator, converting
hydraulic energy into electrical energy. These plants transport large
volumes of water which, as explained above in a natural waterfall (Fig.
20), trap atmospheric gases as they fall over dams and force them to
dissolve due to the pressure exerted (Marking, 1987). This
supersaturated water has been shown to maintain similar percentages of
TDG along the length of the water flow to the next spillway (Marking,
1987) and has long been associated with GBD (Weitkamp and Katz,
1980). High levels of supersaturated water have been detected up to 180
km away from a dam fall (Feng et al., 2014).

Figure 20. From left to right. McNary dam on the Columbia River (Source: US army corps of
engineers). The victory falls of the Zambezi River, located on the border between Zambia and
Zimbabwe, UNESCO World Heritage Site since 1989 (Source: National Geographic).

Due to the cooling procedures of these large-scale hydroelectric
structures and other industrial plants, where river water is used to
capture heat from the machinery and is returned to the river, local
temperature increases have been observed in these rivers, increasing
TDG as explained in natural aquifers and thus favouring the occurrence
of GBD in fish inhabiting those waters (Marking, 1987; Yuan et al.,
2022).
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On the other hand, the rise of aquaculture implies the stocking of
high fish densities, requiring the flow of large bodies of water and the
use of aerators for greater oxygenation to supply large aquaculture
facilities (Marking, 1987). It has been demonstrated that failures in
aeration systems can lead to an increase in TDG and so, to the presence
of GBD (Edsall and Smith, 1991). Additionally, accidental entrainment
and dissolution of gases through water intake pipe can occur in fish
culture facilities, observed mainly in incompletely immersed intake
pipes, resulting also in GBD (Harvey and Smith, 1961). GBD has also
been described due to the intentional increase of temperatures in
aquaculture facilities to favour fish growth (Ebel, 1971).

Another possible trigger of GBD is the transport of fish at
altitude, causing a pressure change (Hauck, 1986). This practice is
frequently carried out by helicopters transporting smolts from hatcheries
to river areas for restocking or in the case of transporting tropical species
to aquariums (Roberts, 2012). The risk of supersaturation of a fish
depends on the TDG pressure in the organism minus the ambient
hydrostatic pressure. This term is known as decompensated pressure
differential (Colt, 1983). At depth, the risk of supersaturation decreases
because the hydrostatic pressure increases, reducing the unbalanced
differential. If a fish surfaces, the hydrostatic pressure decreases and the
unbalanced differential increases, causing the gas in tissues to come out
of solution and form gas bubbles. Thus, a reduction in ambient pressure
will decrease the hydrostatic pressure and increase the unbalanced
pressure differential, which occurs during air transport (Hauck, 1986).

2.8.2. HISTORY OF GBD

In 1857, the German physiologist Felix Hoppe-Seyler (1825-
1895) noticed external signs of gas bubbles in fish subjected to an
experimental vacuum (Hoppe-Seyler, 1857) and, a few years later, Paul
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Bert, in his experiments on barophysiology, noted similar findings when
subjecting these aquatic animals to high pressures (Bert, 1873). It was
not until years later that an American bacteriologist named Frederic
Gorham (1871-1933) (Fig. 21) provided a complete description of the
disease. This first description of GBD occurred in 1898 in a public
aquarium of Massachusetts, where Gorham also discovered that the
water in the aquarium was getting supersaturated because of the high
hydrostatic pressure exerted by the fall of the water supply pump into the
aquarium, trapping the atmospheric gas (Gorham, 1901).

Figure 21. Portrait of the
American bacteriologist
Frederic Gorham, who

provides the first
complete description of
GBD (Source: Round,
1933).

Gorham described gas bubbles in fins and eyes causing a
condition known as "pop-eye" referring to severe exophthalmia, and less
frequently in gills or skin (Gorham, 1901). He also noted that these gas-
filled vesicles increased in size with exposure time to supersaturated
water, resulting in the loss of equilibrium of the fish. A few years later,
in 1905, internal lesions associated with GBD were described for the
first time (Marsh and Gorham, 1905). These consisted of gas embolism
that could be observed as a few single bubbles up to complete vessel
occlusions. In the heart, gas movement was seen with each beat,
sometimes even without the presence of blood in the cardiac chambers.
The most affected blood vessels were the main vessels of the gill
filaments. Thus, it was concluded in this first documented pathological
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study of GBD that death was associated with gas embolism (Marsh and
Gorham, 1905).

In this first complete GBD report, Marsh and Gorham also
documented the disease in naturally supersaturated freshwater; rainbow
trout (Salmo gairdneri) showing clinical signs very similar to those
described by Gorham in the Massachusetts saltwater aquarium. They
suggested the hypothesis that susceptibility to increased TDG in water
may vary according to fish species. For example, goldfish (Carassius
auratus) were more resistant to the same level of TDG than trout and
other cyprinids (Marsh and Gorham, 1905).

This work was the basis for the knowledge of GBD, with very
few records until the mid-1960s (Weitkamp and Katz, 1980). In those
years, few studies on GBD due to supersaturated water stand out,
associated with extensive algal bloom (Woodbury, 1941), increased
photosynthetic activity (Renfro, 1963), and in hatcheries due to air entry
through water supply (Embody, 1934; Dannevig and Dannevig, 1950).

The first reference on GBD in hydroelectric projects arose in the
Columbia River system (United States) in 1964, where the presence of
this disease was observed in adult salmonids (Westgard, 1964). From
this first report, GBD began to be observed more frequently, resulting in
the implementation of TDG supersaturation measurement as a water
quality parameter in this system. Thus, in the first measurements in 1966
and 1967, values of 120-130% of TDG supersaturation were obtained,
causing that fish captured presented GBD, due to long stays in these
waters (Ebel, 1969).

In 1970, following Ebel’s study (Ebel, 1969), the U.S.
Environmental Protection Agency addressed the problem of
supersaturated water by settingmaximum TDG supersaturation limits to
120%, to reduce the prevalence of the disease (USEPA, 1971). These
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regulatory measures, which are still in application, are implemented
during the smolt migration season, reducing the mass of water that falls
through the different spillways of the dams and, therefore, reducing the
TDG of the water. Even so, the regulation makes exceptions in the case
of events with high water load, such as heavy rains, which leads to
increases in TDG and mortalities per GBD. In 1975, Harvey analyzed
TDG levels in different locations of the Columbia River system,
obtaining up to 26 locations where the measurement revealed levels
greater than 140% TDG supersaturation (Harvey, 1975). Due to
exceptions to the established regulation, over the last 40 years fish
mortalities have been reported by numerous authors in the Columbia
River (Pauley and Nakatani, 1967; Beiningen and Ebel, 1970; Bouck et
al., 1970; Backmann and Evans, 2002; McGrath et al. 2006; Brosnan et
al., 2016)

Another large-scale hydropower system was installed in the early
21st century on the world's third largest river, the Yangtze River
(China), a project called the Three Gorges Dam, in response to
increasing energy demand (Cao et al., 2020). The Yangtze River is
known for its extensive ecosystem inhabited by a wide variety of fish
species. In 2014 the hydropower project attracted the attention of the
Chinese authorities for the death of 40 tons of fish, presenting GBD due
to large floods that led to increased water mass in the dam and elevated
TDG levels (Ni et al., 2014). Since its opening in 2006 and after the
2014 mortality episode, other GBD records have been associated with
these supersaturated waters (Tan et al., 2006; Cao et al., 2019).
Numerous authors have directed their experimental studies towards the
survival of endemic species in this river (Huang et al., 2010; Liu et al.,
2011; Chenetal., 2012; Liang et al., 2013; Cao et al., 2015; Wang et al.,
2015b; Cao et al., 2019; Ji et al., 2019; Xue et al., 2019; Cao et al., 2019;
Cao et al., 2020, Deng et al., 2020; Fan et al., 2020; Ji et al., 2021), that
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are facing extinction due to the alterations of the waters they inhabit (Li
etal., 2019).

Other cases of massive mortalities by GBD have also been
described in Canada or Norway (Heggberget, 1984), where survival
studies of saltwater species have also been conducted (Gunnarsli et al.,
2008; Gunnarsli et al., 2009).

2.8.3. PATHOGENESIS OF GBD

The pathogenesis of GBD is founded on the fact that
supersaturated water contacts the gills of fish for gaseous exchange. The
osmotic pressures of the gill membrane on the side in contact with the
water and on the side in contact with the blood vessels tend to
equilibrate and, since the saturation point is similar in both fluids, any
excess of gas in the water will transfer to the bloodstream (Marking,
1987). Gas bubbles can then form when gas escapes from the solution
because the sum of dissolved gas pressures exceeds the sum of
hydrostatic pressure and the rest of compensatory pressures (Bouck,
1980) similarly to DCS.

The cause of death of GBD is associated with asphyxia as gas
emboli are usually found in the gill vessels, causing blood stasis and
anoxia. This occlusion of the gill vessels causes a decrease in gas
exchange, reduced respiration, and leads to the death (Marking, 1987).
Primary findings are gas embolism and emphysemain tissues, triggering
the response to endothelial damage and associated secondary lesions
(Bouck, 1980). These aspects will be addressed later in the section of
comparative pathophysiology.
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2.8.4. CLINICAL FEATURES, RISK FACTORS AND
TREATMENT OF GBD

Clinical features

Although GBD has now been clinically detected in a wide variety
of speciesand life stages (Bouck et al., 1976), the tolerance and survival
vary between species and stages of life, presenting variable clinical signs
with similar TDG level and exposure time (Weitkamp and Katz, 1980).
Even in populations with similar individuals, individuality plays a
fundamental role in this disease, determining the survival of some and
death of others (Speare, 2010), similarly to DCS (Shim et al., 1967;
L’abbate et al., 2010). The most typical clinical signs of GBD will be
addressed next.

The behavior of fish with GBD is often described as lethargy,
loss of equilibrium, erratic swimming with periods of inactivity and
spasms (Lund and Heggberget, 1985; Machado et al., 1987). It is
common to observe a decrease in feeding because gas bubbles in eyes
can cause blindness (Speare, 2010). Machado et al. (1987) also describe
violent turns during swimming, and, after an episode of convulsions
lasting minutes, death occurs, frequently with the operculum and mouth
open. In fish populations, Bouck (1980) described three stages of GBD:
1) incremental gas bubble formation, 2) acute deaths, and 3) eventual
death of those animals that survived GBD, from GBD sequelae (Bouck,
1980).

In early life stages, gas bubbles can be observed externally in
subcutaneous tissue of head and tail (Liang et al., 2013), while in adults
gas bubbles are frequently formed in the gills, fins, and eyes (Roberts,
2012). Gas bubbles in the eyes produce exophthalmia, which can be
unilateral or bilateral, although its observation is variable and does not
always appear (Pauley and Nakatani, 1967), being more associated with
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subacute or chronic cases of the disease (Machova et al., 2017). In
subacute cases of GBD, the dorsal and caudal fins are mainly affected,
with gas bubbles of different sizes. In severe cases of GBD large gas
bubbles are seen in all fins of the fish (Machova et al., 2017).

Risk factors

Regarding fish risk factors, age and size of the fish elicits a
different response to TDG supersaturation levels (Weitkamp and Katz,
1980). For example, at the same level of TDG, eggs seem to be more
tolerant than juveniles of the same species (Weitkamp and Katz, 1980).
This could be due to the hydrostatic pressure they maintain under their
capsule (Alderdice and Jensen, 1985). It is postulated that sensitivity to
TDG supersaturation is lower in early stages, increases in juveniles and
decreases again in adults (Weitkamp and Katz, 1980). There is
controversy on this aspect of GBD as other authors postulate that
sensitivity to TDG supersaturation is inversely proportional to the size of
the fish (Cornacchia and Colt, 1984). However, there is a scientific
agreement that adulthood is considered the most resistant life to elevated
TDG levels (Gunnarsli et al., 2008).

In experimental studies where fish could move freely, some
species and individuals have demonstrated the ability to detect and avoid
supersaturation (Bouck, 1980; Stevens et al., 1980). This was more
relevantin TDG supersaturation levels above 135% (Huang et al., 2010).
Fish may experience supersaturation depending on the depth, i.e.,
pressure, they are at, since supersaturation depends on ambient pressure.
With the same level of TDG in the water and as the ambient pressure
increases (i.e., depth increases), the less supersaturation the fish will
experience (Weitkamp et al., 2003). Therefore, fish in deeper water will
be less supersaturated than those at the surface of the same waters, due
to the increase of environmental pressure. It is estimated that the
supersaturation experienced by fish descends 10% for each meter of
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depth reached (Weitkamp et al., 2003). For example, with a surface TDG
supersaturation measurement of 130%, a fish descending to a depth of 1
meter will experience a supersaturation of 120%, at 2 meters 110% and
successively (Weitkamp et al., 2003) (Fig. 22). This % saturation-to-
depth relationship will make GBD more severe in shallow water
(Johnson et al., 2007). It has been shown that fish in surface waters
suffer more severe GBD and that, those same individuals placed in cages
at greater depths can alleviate disease symptoms and reduce mortality
(Cao et al., 2019), similarly to a recompression treatment of DCS.

% SATURATION AT SURFACE PRESSURE
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=
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Figure 22. Diagram showing varying saturation at different depths (Adapted from Weitkamp et
al., 2003).

Regarding water risk factors, taking into account that temperature
and pressure modify TDG levels, the factors that determine the severity
of GBD are the degree of water supersaturation and the time of exposure
(Weitkamp and Katz, 1980). The close relationship between these two
factors has been studied in hydroelectric projects, observing that chronic
exposures to a percentage of 102% TDG supersaturation can produce
disease in some fish in the population, while as TDG increases,
morbidity increases (Weitkamp and Katz, 1980). Chronic GBD is
suggested to occur at levels below 110% of TDG supersaturation and
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with long exposure times (weeks to months), where GBD-related
symptomatology is barely observed (Gunnarsli et al., 2008), although
cases of individuals dying at these supersaturation levels have been
described (Dawley and Ebel, 1975). Chronic GBD can act as a stressor
for feeding and growth, increasing vulnerability to predators and
reproduction of the subjected species, as well as favoring the presence of
secondary infections (Bouck, 1980; Marking, 1987; Mesa and Warren,
1997).

The value of 120% TDG supersaturation appears to be the cut-off
value for the onset of acute GBD leading to death (Huang et al., 2010)
and it seems to be the tolerated limit for maintaining a high probability
of survival in most species (Cao et al., 2015; Wang et al., 2015b; Cao et
al., 2020; Deng et al., 2020; Fan et al., 2020). A study in the Columbia
River system determined that the presence of signs of GBD at 120-125%
TDG supersaturation was 5% and increased to 45% when exposed to
TDG supersaturation over 135%, suggesting that the prevalence of
disease below 120% is low (Weitkamp et al.,, 2003). TDG
supersaturation levels of 125% are considered fatal since fish that do not
die acutely of GBD, do not survive long, suggesting that they cannot
overcome the effects of this disease (Cao et al., 2015). TDG
supersaturation values of 140% cause acute GBD (in just a few hours
most) in fish (Weitkamp et al., 2003).

Most experimental studies have focused on TDG supersaturation
levels below 150%, similar to those that can occur in the waters of large
dams. This allowed the analysis of the disease from the point of view of
different variables such as age, species, feeding, reproduction,
concomitant diseases, etc.
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Treatment

“Recompression”: placing the affected fish in deeper water that
is not supersaturated of to water that is not supersaturated is an efficient
treatment for fish exposed to TDG supersaturation below 125% (Cao et
al., 2020). Even animals with near-death behavior due to GBD,
recovered when moved to water with 100% TDG supersaturation
(Knittel et al., 1980). The prognosis of survival will depend first on the
species and larval stage, followed by the time and degree of
supersaturation to which the fish was subjected (Pauley and Nakatani,
1967).

2.8.5. PATHOLOGY OF GBD

The most observed external lesions include subcutaneous
emphysema causing skin crepitus and emphysema in all fins (Machado
et al., 1987) (Fig. 23). Internally, main macroscopic findings are gas
bubbles within the blood vessels of different organs (Pauley and
Nakatani, 1967), especially in the gill and ventral aorta (Fig. 23), where
the amoung of gas bubbles is very large, distending the vessels and
displacing the blood. Gas bubble associated lesions are petechial
hemorrhages in gills and opercular areas (Machado et al., 1987),
oedema, congestion, and swollen gill filaments (Edsall and Smith,
1991), and hepatic degenerative changes (Pauley and Nakatani, 1967).
In cases of chronic exposure, ascites and muscle changes may be
observed (Weitkamp and Katz, 1980).
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Figure 23. From left to right. Presence of emphysema in the caudal fin (Source: Stenberg et al.,
2022). Microscopic gas bubbles between the red blood cells of the bulbus arteriosus and ventral
aorta (Source: Smith, 1988).

In histopathology, edema of the secondary lamellae of the gills
with degeneration of the respiratory epithelium is observed (Speare,
2010). Epithelial hyperplasia and fusion of secondary lamellae are
observed in some gill areas, in agreement with gross findings (Machado
et al., 1987). In addition, intravascular gas bubbles can be seen
occluding gill vessels, which can be a cause of acute mortality. Other
microscopic findings are edema and disruption of the intestinal mucosa,
degeneration of the renal tubular epithelium, hepatic, and muscular
changes (Roberts, 2012).

In the eye, histological lesions such as gas bubbles in choroidal
vessels or emphysema can occasionally be observed. In addition,
degeneration of the optic nerve, muscle, and adjacent connective tissue
due to emphysema may also be seen (Machado et al., 1987).
Inflammatory changes associated with the presence of gas bubbles were
observed as edema, compression, and degeneration of the connective
tissue adjacent to the bubbles. Occasionally neutrophils near the
locations of these structures (Speare, 2010).
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2.8.6. COMPARATIVE PATHOPHYSIOLOGY
BETWEEN GBD AND DCS

From the point of view of bubble formation, bubble growth and
persistence, the nature of these aspects is very similar between GBD and
DCS. In DCS there is a supersaturation of blood and tissues after
decompression, causing the appearance of gas bubbles in the circulatory
system and other tissues. Lesions associated with vascular damage are
observed in primary tissues such as the CNS. In the case of GBD,
exposure to supersaturated water causes the development of gas bubbles
in the vasculature and well-perfused tissues, showing lesions associated
with the same pathophysiological pattern of DCS (Machado et al.,
1987).

The pathophysiological mechanisms causing gas bubbles in both
diseases are mainly vascular. The mechanical damage produced by the
presence of these structuresin circulation is observed with the occlusion
of blood vessels, i.e., gill vessels in fish and pulmonary vessels in
mammals (Edsall and Smith, 1991) (Tanoue et al., 1987).

In both diseases biochemical damage triggers an inflammatory
response and the coagulation cascade (Philp, 1974; Casillas et al., 1975).
Thrombogenesis is well studied in DCS (Levin et al., 1981; Tanoue et
al., 1987), while in GBD it is suspected that gas bubbles may cause
thrombi (Smith, 1988).

Activation of coagulation mechanisms causes disseminated
intravascular coagulation (DIC), also observed in DCS (Levin et al.,
1981). Gas bubbles from DCS have been shown to cause direct action
on the endothelium and platelets, causing the release of endothelial
damage factors leading to DIC (Warren et al., 1973). Endothelial
damage has also been shown to be directly related to GBD (Speare,
1991) and is recognized as a generator of DIC due to exposure of
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subendothelial collagen and by triggering the coagulation cascade
(Speare, 2010).

Another consequence of endothelial damage caused by gas
bubbles is the activation of leukocytes in DCS (Levin et al., 1981), this
perivascular leukocyte response has also been observed in fish with
GBD (Speare, 1991). The similarities in the interaction of gas bubbles
and endothelium between GBD and DCS make it possible to propose a
GBD model for the study of the endothelial effects of gas bubbles in
DCS (Speare, 2010).

The study of tissue damage biomarkers in fish is relatively
recent, not being studied to date the association of this type of
biomarkers with gas embolism. Several studies have previously
described the presence of biomarkers in fish (Poder et al., 1991;
Hyndman and Evans, 2007; Roberts et al., 2010), sometimes associating
their expression with cellular stress (Basu et al., 2002; Padmini and Usha
Rani, 2008; Padmini, 2010; Wang et al., 2015a; Zhai et al., 2021).
Therefore, in this thesis we will explore if these biomarkers are
expressed with gas embolism in fish and thus validate the fish model for
this purpose.
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Methodology

To achieve the objectives of this thesis project, two experimental
animal models were carried out, in rabbits and fish. While the
experimental model in rabbits subjected to compression/decompression
in a hyperbaric chamber to provoke DCS is part of a larger study
developed prior to this thesis, the experimental model in fish was
designed and developed entirely in this project. This model consisted of
the reproduction of experimental GBD through the production of
supersaturated water by means of a low-pressure vessel associated with a
pressurized aquarium. Both experimental models were developed to
obtain a comparative pathological view with DC-likeS in cetaceans,
DCS in humans and sea turtles, using experimental DCS and GBD as a
comparative pathological model for the study of this disease.

Both experimental models were submitted to their corresponding
ethical committees. The model in rabbits was approved by the
Norwegian committee for animal experiments (Reference: 2154) and the
ethical committee for animal experiments of the University of Las
Palmas de Gran Canaria (Reference: CEEBA-HUGCDN 002/2010),
while the experimental model in fish was approved by the latter ethics
committee (Reference: CEEA-ULPGC 4-2018R1) and by the competent
authority of the government of the Canary Islands.

3.1. RABBIT EXPERIMENTAL MODEL

The experimental model in rabbits was designed and used by Dr.
Yara Bernaldo de Quirdés Miranda in her doctoral thesis (Bernaldo de
Quiros, 2011a). For the present thesis we will use only the pathological
data of rabbits subjected to compression/decompression to perform the
complete pathological study. In addition, to complement this study, the
databank of cetaceans diagnosed with DC-likeS was used to perform the
comparison of pathological lesions between the experimental model and
DC-likeS in cetaceans.
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The experimental model in rabbits was designed by creating
three groups: compression/decompression (1), air injection (1) and
putrefaction (IIl). Bernaldo de Quirds created this model to study and
compare the composition of gas bubbles generated by decompression, by
air injection, and by the processes derived from decomposition. To
characterize the presence, abundance, and distribution of gas in vascular
and extravascular locations, the researcher developed a score index
named as Gas Score (explained in the section “Decompression
pathology consistent with DCS in cetaceans”). The animals in the
compression/decompression group presented statistically higher gas
scores than any of the animals in the other groups, and the gas was more
widely distributed.

In addition, another part of Bernaldo de Quirds’ doctoral thesis consisted
of using imaging techniques to evaluate the abundance of gas bubbles
after decompression in vivo and correlate it with the Gas Score post-
mortem. In the present thesis, a complementary study was performed by
doing a pathological exam of the tissue-samples previously collected by
Bernaldo de Quirds and comparing these results with the findings in
cetaceans diagnosed with DC-likeS by our group.

Animals

Tissue samples from 18 New Zealand White Rabbits (NZWR)
were studied. These rabbits were all males and weighed 3.15 + 0.65 kg.
Of these, 14 animals were subjected to a compression/decompression
protocol (C/D group), while 4 of them were control rabbits (Control
group). Only fresh necropsied animals, within 12h post-mortem, were
included in this study.

Pretreatment

Animals from both groups were anesthetized during all the
procedure. Anesthesia consisted of the subcutaneous administration of
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Medetomidine (0’5 mg/Kg) and Ketamine (25 mg/Kg), achieving
surgical anesthesia in a few minutes. The anesthesia protocol was
administered again at removal from the hyperbaric chamber, to ensure
anesthesia throughout the entire experiment.

Compression/decompression model (C/D model)

Rabbits were compressed in pairs to 8 absolute atmospheres
(ATA) in a dry hyperbaric chamber (Animal Chamber System, NTNU,
Haugesund, Norway). When 8 ATA was reached, the animals were
maintained for 45 minutes at that pressure after which, in search of a
dive profile inducing explosive decompression, rapid decompression
was performed at a rate of 0.33 meters per second. Rabbits were kept
anesthetized for a 1-hour observation period after decompression, after
which animals were euthanized if still alive. Euthanasia was performed
with a peritoneal injection of 200 mg/kg of dilute pentobarbital. At the
end of the experiment, two subgroups of the C/D group were obtained,
the group of animals that died within 1-hour observation period post-
decompression (C/D dead group) and the group of animals that survived
decompression and were anesthetized 1 hour later (C/D euthanized

group).
Control group

To reproduce the experimental conditions, 4 control animals
were anesthetized and subsequently euthanized following the same
anesthesia and euthanasia protocol as the C/D euthanized group.

Dissection, external exploration, and Gas score

Necropsies were carried out individually by placing the rabbits in
the dorsal decubitus position and performing the dissections carefully to
preserve the large blood vessels intact, following the protocol
established by Bernaldo de Quirds (2011a). This consisted of an external
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exploration of the carcass and removal of the skin with special care in
examining the subcutaneous vessels in search of gas bubbles. Next, the
abdominal cavity was opened, observing the mesenteric and renal blood
vessels. The thoracic cavity was then opened to access the heart and
large vessels such as the aorta and caudal vena cava. Taking advantage
of the opening of the abdominal cavity, the presence of possible
subcapsular gas or gas in fat tissues was also evaluated.

To study the mode of abundance of gas bubbles in the various
locations, we used the information provided by the Gas score, a gradient
system created by Bernaldo de Quir6s (2011a), based on 6 grades to
classify the intravascular locations (I-VI) and 3 grades for the
extravascular locations (I-11l) (State of the art section, Fig. 16). Each
animal thus obtained a total gas score consisting of the sum of all the
locations studied. Thus, in this thesis we studied the mode of gas scores
for the different locations of each group, C/D euthanized, C/D dead and
control.

Once the gas score was performed, the routine necropsy protocol
was continued and representative samples of the lung, trachea,
superficial cervical lymph node, spleen, central nervous system, heart,
liver, stomach, intestines, mesenteric lymph node, kidney, urinary
bladder, and skeletal muscle were collected, fixed in 10% buffered
formalin, processed routinely, embedded in paraffin wax and sections of
5 um were cut and stained with standard hematoxylin and eosin for
histopathological analysis (Suvarnaet al., 2018). To evidence changes in
heart and skeletal muscle, sections of both tissues were also stained with
phosphotungstic acid hematoxylin and Masson’s trichrome respectively
(Suvarna et al., 2018).

78



Methodology

Cetacean data used for comparison with the DCS model

To perform the pathological comparison between experimental
decompressionin animal models and DC-likeS in cetaceans, we resorted
to the IUSA sample bank to use samples from stranded cetaceans
diagnosed with DC-likeS. Necropsy reports and histological slides
belonged to 31 cetaceans stranded coinciding in time and space with
naval military maneuvers: eight Cuvier’s beaked whales (Ziphius
cavirostris), one Blainville’s beaked whale (Mesoplodon densirostris),
and one Gervais’s beaked whale (Mesoplodon europaeus) stranded in
the islands of Fuerteventuraand Lanzarote (Spain) in 2002 (Fernandez et
al., 2005); four Cuvier’s beaked whales stranded on these same islands
in 2004 (Fernandez et al., 2012); four Cuvier’s beaked whales stranded
in 2006 and one Cuvier’s beaked whale stranded in 2011, both in
Almeria (Spain) (Arbelo et al., 2008; Bernaldo de Quiros et al., 2019);
ten Cuvier’s beaked whale mass stranding in Corfu (Greece) in 2011
(Bernaldo de Quirds et al., 2011b). In addition, we added the cases of 2
Risso's dolphins (Grampus griseus) diagnosed with DC-likeS due to
interaction with large prey (Fernandez et al., 2017).
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3.2. FISH EXPERIMENTAL MODEL

The experimental model in fish was designed to induce severe
GBD. This required the development of machinery capable of producing
supersaturated water. Once produced, this supersaturated water must be
able to be transferred to an aquarium where the fish will be introduced
and where it will be kept with stable values during the experimental
hours. Both the machinery set-up as well as the pilot experiments, and
the experimental model designed were carried out at the experimental
animal facilities of the veterinary faculty of the University of Las Palmas
de Gran Canaria (Canary Islands, Spain).

3.2.1. WATER SUPERSATURATION

The first step of producing supersaturated water experimentally
was carried out by acquiring a low-pressure vessel, using the scheme
developed by Bouck et al. (1976) to design it in conjunction with an
engineering company (IBERCO S.L., Spain) (Fig. 24). This low-
pressure vessel was composed of different components, highlighting the
dissolution tube and the pressurized tank. The dissolution tube is a
structure filled with porous material of decreasing diameter, which
causes pressure to be exerted as the water passes through this structure.
In this tube atmospheric air is injected from the bottle and forced to
dissolve in the water by successive passes through these materials,
producing supersaturated water. The tank is the pressurized structure
where the supersaturated water may be stored.
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Figure 24. Schematic drawing of the components of the low-pressure vessel (IBERCO S.L.).

Measurement and control of supersaturated water
parameters

A TDG sensor (Manta+ Trimeter probe, Eureka water probes,
USA) was used to monitor the percentage of TDG of the water. This
sensor also monitors temperature values and is connected via USB to a
computer to obtain real-time values of the parameters. These values can
be plotted in excel to obtain graphs of the TDG behavior.

Water supersaturation with open aquarium

As a first option, the production of supersaturated water was
considered using the low-pressure vessel coupled to an open aquarium
(Fig. 25) following the literature (referencias). Once the desired TDG
supersaturation value monitored by the TDG sensor was reached in the
low-pressure vessel, the supersaturated water was transferred to an open
aquarium where the fish would be introduced and maintained during the
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experimental hours, placing the TDG sensor in the open aquarium to
control the values.

Figure 25. Supersaturated water production system components. (1) Open vessel. (2) Motor
pump. (3) Dissolution tube. (4) Synthetic air injection valve. (5) Pressurized tank. (6*) TDG and
temperature sensor. (7) TDG and temperature sensor inside the aquarium. (8) Openaquarium. (9)

Pressurized tank vent valve. (10) Synthetic air bottle. (11) Flow meter. (14) Pressurized tank

outlet valve. (15) Running water inlet.
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Water supersaturation was achieved as follows: first, the open
vessel (max. 200L; Fig. 25. 1) was filled with a total of 150L by means
of the tap water valve (Fig. 25. 15). Then, the motor pump (Grundfos,
Model: CM10-1 ARAE-AVBE CAAN) (Fig. 25. 2) was started to
distribute the water to the pressurized tank (max. 3 ATA; 250L) (Fig.
25. 5). The open vessel was isolated when only 20L remained in it to
prevent air from entering into the system. The 130L of water from the
pressurized tank was recirculated through the system, passing the water
from the pressurized tank through the motor pump, the flowmeter, the
dilution tube, and back to the pressurized tank. The TDG sensor was
placed between the pressurized tank and the motor pump to obtain TDG
values during recirculation.

After several passes, synthetic atmospheric bottle air (Premier-
X50S 200.0B) was injected through the injector at the beginning of the
dissolution tube. The amount of air introduced was regulated at a rate of
10-20L/min, with a bottle outlet pressure of 3 bar. The pressure gauge of
the pressurized tank indicated the pressure obtained, allowing a pressure
up to 3 ATA. This limit of 3 ATA was achieved after 5 minutes of air
injection and the subsequent recirculation. Recirculation was kept
constant at a flow rate of 3000L/h, until TDG supersaturation values of
150% or above were achieved. At this point, the motor pump was
stopped, and water was transferred by pressure differential from the
pressurized tank to the open aquarium through a pipe, filling up to 80L
in the open aquarium (Fig. 26). During the filling maneuver, the TDG
sensor was moved to the aquarium for constant monitoring of TDG
values, obtaining graphs in which the value decreased exponentially
(Fig. 26).
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Total Dissolved Gas, TDG (mmHg)

Time (hours)

Figure 26. Transfer of supersaturated water into the open aquarium with TDG sensor
monitoring the process. Behavior of TDG in supersaturated water kept watertight inside an open
aquarium. A significant decrease is observed over a period of 7 hours.

Water supersaturation with pressurized aquarium and
constant recirculation

To ensure maintenance of TDG values within the water to which
the fish are exposed, it was necessary to maintain pressure in the entire
circuit by adding to the design a pressurized aquarium (IBERCO S.L.),
directly connected to the system (Fig. 27). The generation of
supersaturated water was modified according to Figure 28: the open
vessel (Fig. 28. 1) was filled with tap water and transferred by starting
the motor pump (Fig. 28. 2) to the pressurized tank (Fig. 28. 5), as
explained in the previous section. In this case, during the transfer, the
vent valves of the pressurized aquarium (Fig. 28. 8) and the pressurized
tank (Fig. 28. 9) were kept open to facilitate the elimination of residual
air in the system.

Figure 27. schematic
design of the pressurized
aquarium supplied by
IBERCO S.L.
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Figure 28. Supersaturated water production system components. (1) Open vessel (2) Motor
pump (3) Dissolution tube (4) Synthetic air injection valve (5) Pressurized tank (6) TDG and
temperature sensor (6*) TDG and temperature sensor inside the open circuit (7) Pressurized
aquarium (8) Pressurized aquarium vent valve (9) Pressurized tank vent valve (10) Synthetic air
bottle (11) Flow meter (12) Pressurized aquarium inlet valve (13) Pressurized aquarium outlet
valve (14) Pressurized tank outlet valve (15) Running water inlet.
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Once all the water had been transferred to the pressurized tank,
the open vessel was isolated from the system and water was recirculated
between the pressurized tank and the pressurized aquarium with the vent
valves of both pressurized structures open. After that, the vent valves
were closed, and synthetic atmospheric bottle air (Premier-X50S
200.0B) was injected (Fig. 28. 4). The amount of air injected, regulated
by flowmeter, in this circuit modification was dependent on the
maximum pressure of the pressurized aquarium (0.5 bar). When this
pressure was reached, the air injection was stopped and the water was
kept in constant recirculation of 3000 L/h, passing through the 3
important elements of the circuit: pressurized aquarium, dissolution tube,
and pressurized tank. This constant recirculation was maintained for
several minutesto favor the dissolution of the injected gas until reaching
a dynamic equilibrium between the liquid and gas phase, determined by
constantly measuring TDG values in the pressurized aquarium (Fig. 28.
6).

Once it was assessed that the TDG remained constant with this
new design, the aquarium was opened simulating the introduction of a
fish into the pressurized aquarium to adjust the procedure and to assess
the behavior of this parameter when the aquarium was opened. This was
done by stopping first the motor pump and water recirculation, then
isolating the aquarium from the system by closing the inlet tap (Fig. 28.
12) and the outlet tap (Fig. 28. 13), venting and de-pressurizing the
aquarium through its valve (Fig. 28. 8) and opening the 9 quick closes to
simulate the introduction of a fish. Then the quick closes were closed
again, followed by the vent valve. Finally, the water inlet and outlet
valves were reopened to restart the circulation of supersaturated water.

These experiments were performed at different times and with
different TDG supersaturation values, varying between 150% and 180%,
in order to adjust the parameters. Through these tests, it was calculated
that the outlet pressure of the synthetic air bottle should be at 3 bar, with
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a flow rate of 10-20L/min for 4-6 minutes. Thus, after this air injection
time, recirculation at 3000 L/h would be maintained for approximately
1.5 hours, reaching constant TDG levels. These supersaturation levels
varied between 160% and 180%, taking into account that the longer the
experimental time, the more the TDG tends to stabilize.

3.2.2. PILOT TESTS
Fish

Fish, 10 adult goldfish (Carassius auratus) of 112.8 + 11.74 g
and 16.95 £ 0.60 cm, were purchased from a certified fish distributor in
Las Palmas de Gran Canaria (Canary Islands-Spain). Upon arrival at the
experimental animal facility, the goldfish were kept for 1 month in
acclimatization. During this time, they were stimulated with a natural
photoperiod of 12 hours of light and 12 hours of darkness and were fed
with a commercial pellet (Tetra Goldfish) twice a day. Every two days,
water parameters, such as temperature (23-25 °C), dissolved oxygen (>
6.0 mg/ dm3), and chemical parameters were monitored by means of a
colorimetric strip kit (nitrate, 10 mg/dmg3; nitrite, 0 mg/dm3; pH,6.8;
total hardness, 80-300 mg/dm3; chlorine, 0 mg/dm3).

Exposure to supersaturated water and generation of GBD

To assess the exposure time to supersaturated water necessary to
generate severe GBD, we performed sequential pilot experiments (n=2;
one fish at a time) starting at 3 h of exposure, and incremented the time
of exposure in a stepwise manner, doubling the exposure time until the
expected outcome, i.e. severe gas bubble production, was achieved.
During the exposure, the animal’s behavior was continuously monitored,
and once the experimental hours had elapsed, fish were euthanized and
necropsied, checking for gas bubbles and lesions indicative of severe
GBD. Hence, the exposure times tested were: 3h, 6h, 12h, and 18h. The
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18h exposure group was initially set at 24h, but at 18h the humane
endpoint was reached. The humane end point is when the procedure is
causing unnecessary pain or suffering to the animal that should be
alleviated, and it’s determined by the investigator on each clinical
setting. In the case of our experiment, the humane endpoint was
established when the fish lost buoyancy and presented erratic swimming
or lethargy.

In additionto these 4 experimental groups (n=8), a control group
(n=2) was added: fish were individually introduced into the pressurized
aquarium for 18h without pressure, to reproduce the possible stress
generated when transferring the fish from the acclimatization aquarium
to the experimental aquarium.

Clinical signs

The behavior of the fish was monitored throughout the hours of
exposure of each group, including the monitoring of opercular beat and
swimming frequencies, establishing baseline values by examining the
control group. For example, the opercular beat frequencies in the control
group were approximately 2 /sec, and control fish took 10 sec to swim
from one side of the aquarium to the other. It was considered an
abnormal behaviour when the opercular beat frequency or the swim
speed was 2 times higher than the control. The appearance of external
lesions was also registered, paying special attention to the loss of scales,
hemorrhages in fins or visible gas bubbles in skin, fins, and eyes.

Macroscopic evaluation

Once the experimental hours were completed or the humane end
point was reached, the animals were euthanized by adding 2-
phenoxyethanol in a 10L cube of water, at a concentration of 0.6 ml/L.
Then, fish were placed in right lateral decubitus and an external
inspection was performed using a stereo microscope, with particular
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focus on the integument, gills, fins, and eyes, (Fig. 29). Next, the
coelomic cavity was dissected, incising the ventral midline from the
anus to the operculum. This dissection was performed carefully trying to
preserve most of the blood vessels for examination together with the
internal organs, also using the stereo microscope.

Figure 29.
Stereomicroscope for
external and internal
examination of fish

during necropsy.

Microscopic evaluation

For microscopic evaluation, representative samples of fins, eyes,
gills, swim bladder, liver, spleen, gonads, digestive tract, heart, anterior
and posterior kidney, central nervous system, spinal cord (Fig. 30), and
axial muscles were collected and placed in 10% formalin for histological
processing. Formalin-fixed tissues were transferred to the tissue
processor that performs dehydration, cleaning, and paraffin imbibition of
the tissues, to finally cut 4 pum samples and routinely stain them with
hematoxylin and eosin (H&E) for further observation under the
microscope.

Figure 30. Samples
obtained from spinal
cord and central nervous
system sections for
histological processing.
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3.2.3. FISH MODEL OF GAS-BUBBLE LESIONS

Adult goldfish (Carassius auratus), 10 females and 10 males of
116.1 £ 11.3 g weight and 17.2 £ 0.5 cm long, were obtained from
Tropical Centre (ICA Canarias). Fish were divided into two groups:
control group (n=10) and GBD group (n=10). Fish in the GBD group
were individually subjected to supersaturated water with TDG
supersaturation between 164-174% in the pressurized aquarium for 18
hours as described above. Experimental procedures and postmortem
procedures were carried out as previously described for the pilot study.
An addition to this study was the use of a gas score index to evaluate the
presence, abundance, and distribution of gas bubbles following Bernaldo
de Quiros et al. (2012a). For this purpose the following a gas score from
| to VI was given to the following vascular locations: fin, opercular,
cranial and caudal subcutaneous, swim bladder, and posterior cardinal
veins, as well as the ventral and dorsal aorta. For extravascular locations,
a gas score from I to 11l was given, considering visceral fat emphysema
of the coelomic cavity and fin emphysema. The gas score of all the
locations was summed to obtain a total gas score for each fish.

Molecular analyses

Another addition to this study was molecular analyses. Posterior
kidney, gills, heart, and ventral aorta samples of 6 GBD group fish and 6
control group fish were collected for gene expression analysis (Fig. 31).
Samples were rinsed in PBS buffer to remove blood and then placed in
cryotubes containing 1 ml each of RNA-later (Sigma-Aldrich, Dorset,
UK). These cryotubes were first left for 24 h at 4°C and subsequently
frozen at -80°C for proper preservation until RNA extraction. The total
number of cryotubes was 48, corresponding to 4 samples for each of the
6-control fish (Control 1 - Control 6) and the 6 GBD fish (GBD 1 - GBD
6).
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Figure 31. Samples
washed in PBS buffer
and stored in cryotubes

with RNA-latter.

Gene selection and primer design

The target genes studied in goldfish (Carassius auratus) are
shown in Table 1. To perform real-time quantitative polymerase chain
reaction (RT-gPCR), the sequences corresponding to the open reading
frame (ORF) of these target genes were selected, aligned and primers
were designed for the conserved regions of each one of them using the
information provided by the GenBank database (NCBI).

TARGET GENES GENE ID

Heat Shock Proteins 70 (HSP70) AB092839

Heat Shock Proteins 90 (HSP90) LOC113120568
Endothelin-1 (E-1) LOC113062581
Intercellular Adhesion Molecule 1 (ICAM-1) LOC113042392

Table 1. Target genes to study in experimental fish of the GBD model and their identification.

These primers were ordered from Biotein S.L. (Las Palmas de
Gran Canaria, Spain) and are detailed in Table 2. Following GeNorm,
housekeeping genes were selected and designed to normalize the results
obtained from the target genes, considering that these genes are known
to maintain a constant and stable expression level in the tissues of an
organism. Thus, elongation factor 1 alpha (EFla) and beta 2 microglobin
(B2M) were selected.
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HSP70 FORWARD PRIMER ACCTACTCAGACAACCAGCC
REVERSE PRIMER CCACTGCCGACACATTTAGG

HSP90 FORWARD PRIMER GCTTCGAGGTGCTGTACATG
REVERSE PRIMER TTGGCCTTGTCTTCCTCCAT

E-1 FORWARD PRIMER AGCGCTCAGTAACAGAACCT
REVERSE PRIMER CGTTGTCTGTTTGTCTGCCA

ICAM-1 FORWARD PRIMER GGCAGTATCAGCTCCAGTGT
REVERSE PRIMER CACACCAGTACTGAGCTCCA

EFla FORWARD PRIMER GATTGTTGCTGGTGGTGTTG
REVERSE PRIMER GCAGGGTTGTAGCCGATTT

B2M FORWARD PRIMER GCCCTGTTCTGTGTGCTGTA
REVERSE PRIMER AAGGTGACGCTCTTGGTGAG

Table 2. Target gene primers and housekeeping gene primers with their respective sequences.

Disruption and homogenization with TissueLyser 11

The procedure for RNA extraction from selected tissues (RNeasy
Plus Universal Mini Kit-Qiagen, Cat. 73404) was performed with 20-30
mg of each tissue, removing the samples from the tube with RNA-later
where they were stored after collection, taking special care to remove
excess reagent or possible crystals formed around the tissue.

Each tissue was placed in 2 ml microcentrifuge tubes containing
a 5 mm diameter stainless steel beads for tissue disruption, adding 900 pl
of Qiazol Lysis Reagent per tube at room temperature. The tubes were
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then placed in the TissueLyser Il (Qiagen, Cat. 85300) microcentrifuge
tube adapter sets, activating the equipment for 2-minute periods at 20
Hz. The procedure was repeated several times, varying the positions of
the microtubes within the equipment until homogenization was
observed. Due to the different characteristics of the selected tissues, the
operating times of the TissueLyser Il varied, being necessary 3 periods
of 2 minutes each for posterior kidney samples, 4 periods for heart and
gill samples, and 6 periods for ventral aorta samples.

Once all the contents of the tubes were homogenized, the lysate
was pipetted into new microcentrifuge tubes and placed at room
temperature for 5 minutes, favoring the dissociation of the nucleoprotein
complexes.

The following protocol steps were performed for each sample
tube:

1. 100 pl of Genomic DNA Removal Solution was added,
shaking vigorously for 15 seconds. This step reduces contamination with
genomic DNA from the aqueous phase.

2. 180 pl of chloroform was added and shaken again vigorously
for another 15 seconds to produce a phase separation.

3. The tube was left to stand for 3 minutes at room temperature.

4. Samples were centrifuged at 12000 xg for 15 minutes at 4°C.
Three separate phases were obtained as a colorless upper phase or
aqueous phase containing the RNA, a white interphase, and a red lower
phase known as the organic phase.

5. 600 pl of the upper or aqueous phase containing the RNA was
transferred to a new microcentrifuge tube and another 600 pl of 70%
ethanol was added and mixed by pipetting.
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6. Once mixed, 700 ul of the sample was transferred to a 2 ml
collection tube with a RNeasy Mini spin column (Giagen) placed inside.
This tube was centrifuged at 8000 xg for 15 seconds at room
temperature.

7. The discharge flow after centrifugation was removed and the
tube with the RNeasy Mini spin column was reused, transferring the
remaining contents of the tube from step 5, and performing the
centrifugation of step 6 again, also removing the subsequent discharge
flow.

8. To clean the RNeasy Mini spin column membrane, two
ethanol-containing buffers (Buffer RWT and Buffer RPE) provided by
the kit used were used. First, 700 pl of Buffer RWT was added and the
centrifugation of step 6 was repeated. The discharge flow was removed,
the column was carefully extracted, and the collection tube was
completely emptied, taking special care that the column did not come
into contact with the discharge flow during its removal and that no
residues remained in the tube.

9. The column was reintroduced into the same empty collection
tube and 500 pl of Buffer RPE was added, centrifuging again with the
conditions of step 6, and removing the post centrifugation discharge
flow.

10. A new Buffer RPE pass was performed, again adding 500 pl
of this buffer and centrifuging at 8000 xg, this time for a longer period
of time (2 min) to ensure drying of the RNeasy spin column and to
remove possible residual ethanol from the buffers that may interfere with
the samples.

11. The discharge flow was then removed, and the column was
placed in a new 1.5 ml collection tube, to which 30 pl of RNase-free
water was added and centrifuged at 8000 xg for 1 minute to elute the
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RNA, leaving the contents in the collection tube at -80°C until next
procedure.

RNA quantification and quality by spectrophotometry

The Nanovue Plus spectrophotometer (GE Healthcare), a device
that measures, among other functions, the concentration and purity of
RNA, DNA, and proteins, was used for RNA quantification and quality
control. Prior to the measurement of each sample, nuclease-free water
blanks were used. Thus, 2 pl of purified RNA from the collection tube
obtained in the previous procedure were pipetted over the sample
deposition point in the spectrophotometer, taking special care to avoid
introducing bubbles and closing the lid. Along with the sample
concentration data (Table 3), absorbance values were obtained at a ratio
of 260:280, obtaining sample ratios above 1.8, which indicates high

purity.
Complementary DNA synthesis

Retroviral reverse transcriptase retrotranscribes a strand of
messenger RNA (mRNA) into a single complementary DNA (cDNA).
To perform this synthesis, High-capacity cDNA reverse transcription kit
of 200 reactions (Thermo Fisher Scientific, Cat. 4368814) was used. To
prepare a 20 ul reaction, a 10 pl Reverse Transcription (RT) master mix
was made on ice by mixing 2 ul of 10X RT buffer, 0.8 pl of 200mM
25X deoxynucleotide triphosphate (ANTP) mix, 2 ul of 10X RT Random
primers and 4.2 ul of nuclease-free water. This mix was prepared for
each reaction to be generated.

With the RT master mix prepared, 10 pl of it was pipetted into
each well of a 96-well reaction plate and 10 pl of each sample RNA was
added, pipetting repeatedly to mix both solutions and discarding the
pipette tip after each mix. The plate was sealed and centrifuged briefly to
remove possible bubbles formed during mixing and placed on ice.
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In addition to samples, negative controls were used where RT
master mix was mixed with water instead of RNA as a no-template
control (C-NTC) and controls without RT (C-RT-) where RNA from a
sample was mixed with an RT master mix with no added
retrotranscriptase.

Reverse transcription was then performed by programming the
thermal cycler with the following conditions: step 1 at 25°C for 10
minutes; step 2 incubation at 37°C for 120 minutes; step 3 of 85°C for 5
minutes and step 4 at 4°C maintained; and setting the reaction volume to
20 pl, starting the thermal cycler upon insertion of the plate. In addition,
the synthesized cDNA products were visualized in 1% agarose gel,
applying an electric current of 90 millivolts for 30-35 minutes and using
a UV transluminator (Bio-Rad UV Transluminator).

Quantification of cDNA by fluorometry

To quantify the cDNA synthesized in the previous step, the Qubit
ssDNA Assay kit (Invitrogen, Cat. Q10212) associated to a fluorometer
Qubit 3.0 (Invitrogen) was used. Qubit 3.0 is a fluorometric
quantification kit for DNA, RNA or proteins that employs probes that
selectively bind to each of these molecules. This specific and selective
binding to its target RNA, proteins, double-stranded DNA (dsDNA) or
single-stranded DNA (ssDNA) as our case, minimizes the effects of
contaminants in the sample that may interfere with their quantification.
This kit is composed of component A or reagent being dimethyl
sulfoxide (DMSO), component B or buffer, component C or standard 1
and component D or standard 2.

First the working solution was prepared by diluting the Qubit
sSDNA reagent in Qubit ssDNA buffer with a ratio 1:200, considering
that the final maximum amount of all tubes should be 200 ul. Because
10 pl of each standard is used, 190 pl of working solution is added to the
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standard tubes, while 1 pl of synthesized cDNA is used in the sample
tubes, resulting in the addition of 199 pl of working solution. Each tube
was vortexed for 5 seconds, paying special attention not to generate
bubbles, and allowed to stand for 2 minutes at room temperature.

First, a standard line or calibration curve is created with the
fluorometer reading of the two tubes of standards, which contain known
and specific concentrations for each type of molecule to be quantified,
ssDNA in this case. After obtaining this calibration curve, the sample
tubes with cDNA are read, obtaining results as shown in Table 3.

cDNA
SAMPLES | CODE | TISSUE KA COTE;EERATION CONCEETSfTION
SPECTROPHOTOMETRY | | UOROMETRY
Control 1 | 1700 Heart 189.2 102
Control 2 | 1701 Heart 107.6 58.8
Control 3 | 1702 Heart 404 124
Control 4 | 1703 Heart 56 48.2
Control 5 | 1704 Heart 303.6 107
Control 6 | 1705 Heart 448 36.8
GBD 1 1706 Heart 76 54.8
GBD 2 1707 Heart 452 36.2
GBD 3 1708 Heart 135.6 86.2
GBD 4 1709 Heart 69.6 53
GBD5 1710 Heart 86 68.2
GBD 6 1711 Heart 140.8 77
Control 1 | 1712 V. Aorta 65.2 42
Control 2 | 1713 V. Aorta 98.4 64.4
Control 3 | 1714 V. Aorta 77.6 52.6
Control 4 | 1715 | V. Aorta 112 83.4
Control 5 | 1716 V. Aorta 19.6 25.2
Control 6 | 1717 | V.Aorta 197.6 116
GBD1 1718 | V. Aorta 70 59.4
GBD 2 1719 | V.Aorta 136 106
GBD 3 1720 | V.Aorta 472.8 121
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cDNA
RNA CONCENTRATION
SAMPLES | CODE | TISSUE (ng/ ul) CONCEN/TRIAT'ON
SPECTROPHOTOMETRY | | O(E%KA)ETRY
GBD 4 1721 V. Aorta 82.4 65.8
GBD5 1722 V. Aorta 170 105
GBD 6 1723 | V. Aorta 103.2 88.8
Control 1 | 1724 | P. Kidney 1558 130
Control 2 | 1725 | P. Kidney 1347 117
Control 3 | 1726 | P. Kidney 1976 147
Control 4 | 1727 | P. Kidney 1170 92.8
Control 5 | 1728 | P. Kidney 1526 102
Control 6 | 1729 | P. Kidney 1404 124
GBD 1 1730 | P. Kidney 2238 139
GBD 2 1731 | P. Kidney 1593 120
GBD 3 1732 | P. Kidney 1318 108
GBD 4 1733 | P. Kidney 2144 121
GBD5 1734 | P. Kidney 1556 119
GBD 6 1735 | P. Kidney 1390 116
Control 1 | 1736 Gills 1964 88.6
Control 2 | 1737 Gills 1903 97
Control 3 | 1738 Gills 621 55.6
Control 4 | 1739 Gills 1006 67
Control 5 | 1740 Gills 1953 87
Control 6 | 1741 Gills 1412 69.8
GBD 1 1742 Gills 938 55.6
GBD 2 1743 Gills 716.8 494
GBD 3 1744 Gills 916.8 46.4
GBD 4 1745 Gills 1088 71.6
GBD 5 1746 Gills 1353 57
GBD 6 1747 Gills 1878 75

Table 3. RNA concentrations measured by spectrophotometry and cDNA concentration by
fluorometry of each sample.
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gPCR optimization with gene-specific primers

The QuantStudio 12K Flex Real-Time PCR System (Applied
Biosystem) was used to adjust the amplification conditions, setting the
concentrations of the primer pairs used as well as the PCR reaction
program. TB Green Premix Ex Taq Il kit (TIl RNaseH PLus, Takara,
Cat. RR820A) was used. This kit includes Takara Ex Taqg HS DNA
polymerase, a DNA polymerase characterized as a hot-start PCR enzyme
that prevents the amplification of non-specific fragments or anomalous
formations, performing a highly sensitive detection. The PCR amplifies
a target sequence from a minimal portion of DNA. The procedure
consists of repetitive cycles of denaturation of the DNA strand, banding
of the designed primers to the corresponding fragment and elongation
causing the DNA polymerase to synthesize new DNA strands from the
banded primers.

To monitor DNA amplification in real time, this kit provides an
intercalating agent, in this case TB Green, a fluorescent molecule that
binds to the DNA double strand and produces fluorescence, which
allows monitoring the amplified DNA by melting curve analysis (Fig.
32).

1) Heat denaturation F F ntercalator
Primar {fluorascent substance)
11 11 11
2) Primer annealing Polymerase  (F F
-
___(r ‘I—h— F E
F \_‘_J
¢ Ll L1 L1

3) Elongation

-
ik i | | |

Figure 32. Performance of the TB Green PCR Kkit.

99



Comparative study of gas-bubble lesions using experimental models

To calculate the efficiency of primers, 1:10 dilutions of the
cDNA (at 20ng, 2 ng, and 0.2 ng concentration) were performed. The
PCR program was set up with the following temperatures and times. The
initial denaturation phase was set at 95°C for 30 seconds, followed by
the PCR phase, carrying out 40 cycles consisting of a first denaturation
step at 95°C for 5 seconds and continued by a banding temperature step
at 62°C for 1 minute. Finally, the melting curve was performed in 3
steps, the first at 95°C for 15 seconds, the second at 62°C for 1 minute
and finally step 3 or dissociation at 95°C for 15 seconds.

The amplification efficiencies of the primer pairs detected were
given as valid between 90-110%, obtaining for each gene the efficiency
percentages described in Table 4.

HSP70 -3.185 0.992 106.7
HSP90 -3.293 0.998 101.2
E-1 -3.286 0.99 101.51
ICAM-1 -3.129 0.98 105.74
EFla -3.489 0.992 93.48
B2M -3.235 0.999 103.74

Table 4. Efficiency and correlation (R2) of the melting curves for each gene.
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Quantification of samples by Real Time quantitative PCR
(RT-gPCR)

After the specific primer pair for each gene (target and
housekeeping genes) was set up, the amplification of each gene was
carried out for each of the 48 samples. In addition, each cDNA sample
was amplified by performing 3 technical replicates. Negative controls
(C-NTC and C-RT-) were also included in each PCR, distributing the 96
well-plates for each gene (Fig. 33). The total volume prepared for each
sample well was 10 pl, being 1 pl of cDNA to be analyzed, 5 pl of TB
Green Premix Ex Taq I, 0.2 ul ROX Reference Dye II (50X, supplied in
the kit), 0.2 ul of forward and reverse specific primers for each gene and
3.4 ul of ddH20. The amplification programs were set as mentioned
above.

1 2 3 4 5 4 7 8 L4 10 n 12
A 1700 1700 1700 1708 1708 1708 1716 1714 1714 NIC
B 1701 1701 1701 1709 1709 1709 1717 1717 1717
c 1702 1702 1702 1710 1710 1710 1718 1718 1718 NTC
D 1703 1703 1703 1711 1711 1711 1719 1719 1719
E 1704 1704 1704 1712 1712 1712 1720 1720 1720 RT-
F 1705 1705 1705 1713 1713 1713 1721 1721 1721
G 1706 1704 1706 1714 1714 1714 1722 1722 1722 RT-
H 1707 1707 1707 1715 1715 1715 1723 1723 1723

Figure 33. 96 well-plates with the distribution of each sample and of the positive and negative
controls.

Gene quantification results obtained from RT-gPCR were
analyzed using Design & Analysis Software v.2.4.3 (Thermo Fisher
Scientific). Cycle threshold (Ct) values were obtained using the
automatic baseline and applied to all amplicons of the same primer set.
The fold change in expression of target genes (HSP70, HSP90, E-1,
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ICAM-1) were normalized with values of RNA content from reference
genes (EF20, B2M) and calculated using the 2¢t method (Livak and
Schmittgen, 2001).

Statistical analysis

Statistical analyses were performed to analyze differences in
biomarker gene concentration between control and GBD fish and were
carried out with the SPSS software package (SPSS version 29 for
Windows, IBM). Analyses were performed at a significance level of 5%
(p value <0.05) and data with significance level of 10% (p value <0.1)
were also considered. To determine whether to use parametric or
nonparametric statistical tests, first, the homogeneity of variance and
normal distribution of the data was studied. The requirements for
parametric tests were not met so data were analyzed by a non-parametric
test: Kruskall-Wallis’s test. Primers at given locations that showed
statistical significance (p <0.05) or near statistical significance (p <0.1)
were further explored for correlation with the total gas score of each of
the 6 GBD fish. For this correlation, Spearman's correlation coefficient
was used, and the data were analyzed with R software package (version
3.3.1; R Development Core Team) for Windows.
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Decompressive Pathology in
Cetaceans Based on an Experimental
Pathological Model

Alicia Veldzquez-Waliraf', Antonio Fernandez', Maria José Caballero ™,
Andreas Mellerlokken?, Paul D. Jepson®, Marisa Andrada ™ and Yara Bernaldo de Quirds'

"Veeterinary Histology and Pathology, Attantic Center for Cetacean Research, University Institute of Animal Health and Food
Safety (IUSA), Veterinary Schaol, University of Las Palmas de Gran Canaria, Canary lslands, Spain, * Faculty of Engineering,
Norweglan University of Science and Technology, NTNU, Trondheim, Norway, ° Institute of Zoology, Zoological Society of
London, London, United Kingdom

Decompression sickness (DCS) is a widely known clinical syndrome in human medicine,
mainly in divers, related to the formation of intravascular and exiravascular gas bubbles.
Gas embolism and decompression-like sickness have also been described in wild
animals, such as cetaceans. |t was hypothesized that adaptations to the marine
environment protected them from DCS, but in 2003, decompression-like sickness was
described for the first time in beaked whales, challenging this dogma. Since then, several
episodes of mass strandings of beaked whales coincidental in time and space with naval
maneuvers have been recorded and diagnosed with DCS. The diagnosis of human DCS
is based on the presence of clinical symptoms and the detection of gas embolism by
ultrasound, but in cetaceans, the diagnosis is limited to forensic investigations. For this
reason, it is necessary to resort to experimental animal models to support the pathological
diagnosis of DCS in cetaceans. The objective of this study is to validate the pathological
results of cetaceans through an experimental rabbit model wherein a complete and
detailed histopathological analysis was performed. Gross and histopathological results
were very similar in the experimental animal model compared to stranded cetaceans with
DCS, with the presence of gas embolism systemically distributed as well as emphysema
and hemorrhages as primary lesions in different organs. The experimental data reinforces
the pathological findings found in cetaceans with DCS as well as the hypothesis that
individuality plays an essential role in DCS, as it has previously been proposed in animal
models and human diving medicine.

Keywords: gas bubble, ded pathology, rabbit model, decompression sickness

INTRODUCTION

Decompression sickness (DCS) is a widely known clinical syndrome in human medicine, mainly in
recreational and professional divers. It is considered to occur when the sum of the gases dissolved
in the tissues exceeds the environmental pressure, causing the formation of intravascular and
extravascular gas bubbles. The presence of gas embolism as noted by ultrasound must be observed
for its confirmatory clinical diagnosis. In these cases, the patient is treated with a hyperbaric
chamber. If the gas and the symptoms resolve, the diagnosis of DCS is definitive (1). In forensic
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investigations, gas bubble-related lesions are the main findings
(2, 3). These bubbles can result in mechanical, biochemical, and
embolic damage with different severity levels depending on their
number and their size (1). The respiratory system is the most
affected organ by DCS when the amount of bubbles exceeds the
pulmonary capillaries’ capacity to eliminate them, resulting in
severe lung damage (4).

Cetaceans are mammals that returned to the marine
environment 60 million years ago and have developed behavioral,
anatomical, and physiological adaptations for this new habitat,
including those related to diving (5). It was hypothesized that
these adaptations protected them from possible DCS, but in
2003, lesions compatible with DCS were described for the first
time in beaked whales stranded coincidentally in time and space
with naval exercises using high-intensity and mid-frequency
active sonars (6, 7). This first description of a decompression-
like sickness in beaked whales broke the dogma that cetaceans
were immune to this disease (7). These findings have also been
found in other beaked whale (BW) strandings associated with
naval maneuvers (8-11) as well as in Risso’s dolphins but, in
this case, were caused naturally due to an interaction with their
preys during feeding (12). Gas embolism and decompression-like
sickness have also been described in other wild animals such as
sea turtles (13).

In cetaceans, the diagnosis of DCS is limited to forensic
investigations and its pathological gas bubble-associated lesions
since a clinical diagnosis is not possible due to obvious logistical
and ethical restrictions. For this reason, it is necessary to resort
to experimental animal models to contrast the macroscopic
and microscopic lesions and to support the pathological
diagnosis described in marine mammals affected by DCS. To
our knowledge, there are very few publications focused on
the pathological study of DCS in humans or other species
(14-17), and almost all the articles on animal experimentation
focus on the analysis of specific tissues for the application
of preventive treatments in DCS (4, 18-20). Furthermore,
there is no pathological comparative study showing gross and
histological findings in experimental and natural DCS. Therefore,
the objective of this study is to validate the pathological results
of cetaceans through an experimental model wherein a complete
and detailed histopathological analysis is performed. For this
purpose, an experimental rabbit model was performed in which
severe DCS is reproduced, presenting the pathological results in
these animals and then comparing them with the pathological
findings in cetaceans.

MATERIALS AND METHODS

For this study, 18 males of New Zealand white rabbits of
3.15 + 0.65kg were used. These animals were divided into
compression/decompression model (C/D) (# = 14} and control
group (C) (n=4).

All experiments were accomplished following the European
Union’s laboratory animals’ regulation and were conducted
under surgical anesthesia: subcutaneous injections of
medetomidine (0.5 mg/kg) and ketamine (25 mg/kg). The
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C/D model was carried out in the experimental animal
facilities of St. Olav University Hospital NTNU, Norway
(Trondheim, Norway), and the Norwegian Committee for
Animal Experiments approved the protocol (2154). The control
group was carried out in the experimental animal facilities of
Dr. Negrin University Hospital (Las Palmas de Gran Canaria,
Spain), and the Ethical Committee for Animal Experiments of
the University of Las Palmas de Gran Canaria approved the
protocol (CEEBA-HUGCDN 002/2010).

The Compression/Decompression Model
The rabbits were anesthetized with the protocol described above
and compressed in pairs in a dry, hyperbaric chamber (Animal
Chamber System, NUT, Haugesund, Norway) with a diving
profile selected to induce severe decompression stress with
excessive amounts of intra-corporal gas formation: eight absolute
atmospheres during 45 min, followed by fast decompression
(0.33 m/s) to one atmosphere (21). One animal appeared dead
when recovered from the chamber, and it remains unclear at what
time during the treatment the animal died; thus, it was withdrawn
from the study. The animals were monitored for 1h after
decompression. A group of animals (n = 8) died within 25 min
post-decompression (C/D mortality group), while the rest (# = 5)
survived the observation period of 1 h and were euthanized with
an intraperitoneal injection of diluted pentobarbital (200 mg/kg)
(C/D euthanized group).

Control Group

The rabbits were first anesthetized with the protocol
described above and later euthanized with an intraperitoneal
injection of diluted pentobarbital (200 mg/kg) as in the C/D
euthanized group.

Pathological Study

Necropsy was carried out for each rabbit in a dorsal decubitus
position. Dissection was carefully done to avoid severing large
blood vessels following the method of Bernaldo de Quirds
et al. (22) to characterize the presence of intravascular and
extravascular gas bubbles using a gas score index. This index-
based method consists of giving a gas score from 0 to 6 for each of
the defined vascular locations (i.e., subcutaneous veins, femoral
veins, mesenteric veins, caudal vena cava, coronary veins, and
to the right atrium) and a gas score from 0 to 3 to describe the
presence and distribution of extravascular gas (i.e., subcapsular
and interstitial emphysema) that may affect different organs. The
sum of the gas score of each intravascular and extravascular
location calculates the total gas score in each rabbit. In the current
study, the mode of each group for intra- and extravascular
locations has been calculated.

Representative samples of the lung, trachea, superficial
cervical lymph node, spleen, central nervous system,
heart, liver, stomach, small and large intestine, mesenteric
lymph node, kidney, urinary bladder, and skeletal muscle
{gastrocnemius) were collected and fixed in 10% buffered
formalin. These tissues were processed routinely and
embedded in paraffin  wax, and S5-pm-thick sections
were cut and stained with hematoxylin and eosin (23)
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for  microscopic  analysis.  [Histological sections  from
the heart and skeletal muscle were also stained with
phosphotungstic acid hematoxylin and Masson’s trichrome
(23), respectively, to evidence changes in skeletal and
cardiac musculature.

Comparison With Cetacean
Decompressive Pathology

The histopathological results from the animal model were
compared with the necropsy reports and histology slides from
stranded cetaceans that have been studied and diagnosed
with DCS by our research group. This included 31 animals:
eight Cuviers BWs (Ziphius cavirostris), one Blainvilles BW
(Mesaplodon densirostris), and one Gervaiss BW (Mesoplodon
europaeus) stranded in the islands of Fuerteventura and
Lanzarote (Spain) in 2002 (7); four Cuviers BWs stranded on
these same islands in 2004 (8); four Cuviers BWs stranded in
2006 and one Cuvier's BWs stranded in 2011, both in Almeria
(Spain) (9, 10); 10 Cuvier’s BW mass stranding in Corfi (Greece)
in 2011 (11), all of them coincidental in time and space with
naval exercises; and two Rissos dolphins (Grampus griseus) that
were diagnosed with a decompressive disease after an interaction
with a prey (12). Since the pathological results of these animals
have already been published, the comparison with the original
pathological results from this study will be addressed in the
Discussion section.

Frontiers in Veterinary Science | www.frontiersin.org

RESULTS

Presence, Distribution, and Amount of
Bubbles

Rabbits from the control group presented very few or an absence
of gas bubbles. One animal presented few gas bubbles in the
mesenteric veins, occasional bubbles in the subcutancous veins,
and scarce bubbles in the adipose tissue (total gas score: 4).
One more animal presented only occasional gas bubbles in the
mesenteric veins (total gas score: 1). These results were previously
reported by Bernaldo de Quirds et al. (22). The resulling gas score
mode calculated in this study for all locations was 0 (Figure 1)
since the two remaining animals showed no bubbles.

In rabbits from the C/D mortality group, gas bubbles were
observed in abundant numbers and/or filling complete vessel
sections in the subcutaneous veins, the femoral veins, the
mesenteric veins (Figure 2E), the caudal vena cava, the right
atrium (Figure 2C), and the coronary veins. In addition, a sparse
or moderate presence of subcapsular and interstitial emphysema
was observed. The gas score mode in the subcutaneous veins,
the femoral vein, and the caudal vena cava was 6, while the
mesenteric and the coronary veins, along with the right atrium,
had a gas score mode of 5 (Figure1). The gas score mode
for interstitial emphysema in this group was 2, while that of
subcapsular emphysema was 0. The total gas score ranged from
29 to 40 (22). Additionally, large amounts of gas bubbles were
found disseminated through other vascular locations.

June 2021 | Volume 8 | Article 676499
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Gas bubbles were not found in the C/D euthanized group, with
a total gas score of 0 in all animals and a gas score mode for all
locations of 0 (22).

Gross Examination and Histopathology
Control Group

Gross findings in this group showed congestion in different
organs, such as lung (3/4, 75%), liver (3/4, 75%), kidney
(3/4, 75%), spleen (2/4, 50%), and brain (1/4, 25%), and
mild multifocal petechial hemorrhages in thymus (3/4,
75%). These findings were confirmed histologically. No
other histopathological findings were observed, except
hypereosinophilia (2/4, 50%) and vacuolization (2/4, 50%)
in muscular cardiac fibers and vacuolization of hepatocytes
(1/4, 25%).

C/D Model: Mortality Group

Emphysema was the predominant lesion observed in the lung
of C/D mortality animals (6/8, 75%), with grossly voluminous,
pale, and gas-distended pulmonary areas (Figure2A). Other
lung findings were congestion (3/8, 38%) and alveolar edema
evidenced by exudation of fluid from the cut surface (2/8,
25%). The lung’s microscopic appearance showed mild to severe
emphysema in all animals (8/8, 100%). Besides these, mild
pulmonary congestion (7/8, 88%) and alveolar hemorrhages
ranging from mild focal hemorrhages to severe multifocal
hemorrhages (4/8, 50%) as well as microscopic intravascular
bubble-like round empty spaces surrounded by blood cells (3/8,
38%) were observed (Figure 3A).

Marked subcapsular splenic emphysema was observed (3/8,
38%). Histological emphysema was confirmed in six out of eight
animals (75%). Gross cavities underneath the splenic capsule and
within splenic parenchyma were observed microscopically along
with mild splenic congestion (7/8, 88%). Cerebral congestion
was seen in four cases of C/D mortality animals (4/8, 50%),
and two animals showed, microscopically, mild local to extensive
hemorrhages in the meningeal area and around cerebral
capillaries (2/8, 25%) (Figure 3E).

The most relevant finding in the heart was the presence of
hemorrhages, mainly in the right ventricle, in the group of C/D
mortality animals (3/8, 38%). Mild hemorrhages were confirmed
microscopically (4/8, 50%) (Figure3C), while two showed
bubble-like cavities in cardiac capillaries (2/8, 25%). Acute
changes such as mild hyaline changes of muscle fibers as well
as hypereosinophilia and mild intracytoplasmic vacuolization of
injured cardiomyocytes were observed in seven animals out of
eight (88%). In contrast, contraction band fibers were detected in
only one animal (1/8, 13%). Cardiac muscle fibers were separated
by expanded interstitial spaces filled with pale pink material,
indicating mild interstitial edema (3/8, 38%).

In the liver of C/D mortality animals, mild hepatomegaly
and general congestion were the main gross findings (5/8,
63%). Histologically, moderate congestion was confirmed by the
distention of central veins and sinusoids. Mild vacuolization of
centrilobular hepatocytes with cytoplasmic ballooning of these
cells was also observed (4/8, 50%). Renal congestion was also
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FIGURE 2 | Macroscopic lesions compared between decompression
sickness in rabbits (left row) and cetaceans (right row). (A) Presence of pale
lungs with distended and enlarged areas, mainly denoted in the right side, in a
rabbit dead by C/D protocol. (B) Emphysematous lungs in a beaked whale
diagnosed with decompression-like sickness. (C) Heart of a C/D mortality
rabbit with congestion and macroscopic bubbles in the right atrium (white
arrow) and caudal vena cava (white star). (D) Heart of a beaked whale with
dilated right atrium due to the presence of macroscopic bubbles, which are
also observed in the coronary vessels (white arrows). (E) Mesenteric area of a
C/D mortality rabbit. Emphysematous fat and congestion of blood vessels
running through mesenteric fat. The presence of gas bubbles in the
mesenteric veins is denoted (white arrow). (F) Mesenteric area of a Risso's
dolphin with visible bubbles circulating in the mesenteric vessels (white arrows)
and congestion.

found in this group (4/8, 50%). Microscopic vascular bubble-like
cavities were also observed (2/8, 25%).

Other findings in this group were emphysema (7/8, 88%) and
vascular congestion (4/8, 50%) associated with the adipose tissue.
At the microscopic analysis of this group’s skeletal muscle, acute
changes such as mild hypereosinophilia were found in seven
animals out of eight (88%) as well as interfibrillar mild interstitial
edema (4/8, 50%).

C/D Model: Euthanized Group

The lung of C/D euthanized animals showed emphysema
(2/5, 40%), while edema was present in one animal of five
(20%). Histologically, 100% of animals presented mild lung
emphysema, mild congestion (3/5, 60%), and multifocal alveolar
hemorrhages (1/5, 20%). While splenic subcapsular emphysema
was only macroscopically observed in one animal (1/5, 20%) and
congestion in two animals (2/5, 40%), the microscopic analysis
revealed mild splenic congestion in 100% of animals (5/5, 100%)
and subcapsular and parenchymal emphysema in 80% of animals

June 2021 | Volume 8 | Article 676499
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FIGURE 3 | Hi ical findings compared between

in rabbits (left row) and cetaceans (right row) stained routinely with
hematoxylin-eosin. (A) C/D mortality rabbit. Intravascular bubble-like round
empty space among blood cells (black star), mild emphysema, and congestion
in pulmonary areas. (B) Risso's dolphin, «10. Microscopic bubble-like cavities
circulating within a pulmonary blood vessel (black star). (C) C/D mortality
rabbit, x20. Multifocal hemorrhages (black arrows) and congestion of cardiac
capillaries. (D) Risso's Dolphin, »10. Presence of congestive capillaries in
cardiac tissue (black arrows). (E) C/D mortality rabbit, <20. Hemorrhages in
the subarachnoid area of the central nervous system. (F) Beaked whale, «10.
Subarachnoid hemorrhages in the central nervous system.

sickness

(4/5). In the brain, gross and microscopic congestion was found
(2/5, 40%).

The heart showed no gross lesions in this group, whereas
acute cardiomyocyte changes, intracytoplasmic vacuolization,
and hypereosinophilia were detected microscopically in 100%
of animals (5/5). Mild congestion (2/5, 40%), mild hemorrhages
(2/5, 40%) as well as mild interstitial edema (1/5, 20%) were also
observed in this group.

Hepatic congestion was present in four animals out of five
(80%) in this group and mild congestion (5/5, 100%) with
mild hepatocytic vacuolization (3/5, 60%). Renal congestion
was observed in 40% (2/5), while congestion was observed in
100% (5/5), with intravascular bubble-like cavities in 60% of the
animals (3/5).

Other findings in this group were congestion of the adipose
tissue (2/5, 40%) and muscle fiber hypereosinophilia as well as
wavy fibers in two animals (2/5, 40%).

Comparative Results

As shown in Figure 1, where the different gas score modes of each
group are represented, both the control and the C/D euthanized
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animals do not present macroscopic bubbles in any defined
location for the gas score. The C/D mortality group presents
bubbles in all locations, varying between abundant number of
bubbles and completely filling vessel sections, except the presence
of few bubbles leading to interstitial emphysema and the absence
of subcapsular emphysema.

As shown in Tables 1, 2, the presence of microscopic bubble-
like cavities was another finding also observed with greater
incidence in the group of C/D mortality, with these bubbles
observed in capillaries and small-sized blood vessels of the lung
(38%), the heart (25%), and the kidney (25%). In the C/D
euthanized group, the presence of these microscopic bubble-
like cavi ties was lower in kidney, although with a relevant
percentage (60%).

Pulmonary and splenic emphysema was observed in both
groups. Emphysema in the adipose tissue was only seen in
the C/D mortality group. Hemorrhages were more prevalent in
different organs of the C/D mortality group, with hemorrhages
present in the lung (50%), heart (50%), and brain (25%). The C/D
euthanized group presented lower hemorrhages in thelung (20%)
and heart (40%). No hemorrhages were seen in the brain.

Other relevant lesions observed were interfibrillar edema in
cardiac (38% in C/D mortality and 20% in C/D euthanized)
and skeletal muscles (50% in C/D mortality group) as well as
hypereosinophilia in these fibers (88% in C/D mortality group
and 40% in C/D euthanized group). Congestion was seen in most
of the organs in all groups.

DISCUSSION

The main pathological finding in rabbits that died by
experimental compression/decompression was the presence
of a large amount of gas bubbles widely distributed throughout
both the central and peripheral venous circulation. Emphysema
(mainly in the lung, spleen, and adipose tissue) and hemorrhages
in the lung, heart, and brain were the second main gross
and histological finding in those rabbits. These pathological
findings have also been described in beaked whales (Family
Ziphiidae) and Risso’s dolphins (Grampus griseus) that died of
decompression-like sickness (7-12) (Figure 3D). Nevertheless,
these lesions were absent in the rabbits that survived for 1h
after decompression.

The abundance, distribution, and gas composition of the
animals from this study have been previously described in
detail by Bernaldo de Quirés et al. (21). Thus, we will only
briefly summarize those results here in order to compare them
with the results from cetaceans. Macroscopic gas was observed
massively and systematically distributed in rabbits that died
due to a compression/decompression protocol. These results
are in agreement with other studies such as those of Eggleton
et al. (14), Lever et al. (16), or Shim et al. (17), carried out
with guinea pigs, mice, and rabbits, respectively. In stranded
cetaceans, the abundance and distribution of macroscopic gas
were also analyzed in the two stranded Risso’s dolphins diagnosed
with a decompression-like sickness as the cause of death, being
also systemically distributed (12) (Figures 2D,F).
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TABLE 1 | Masroscapic indings in each group of rabbits end organs.

Lung Heart Thymus Liver Kidney Spleen Fat
Edema Petechiae  C = c
GB(3E%)  2/8(25%) 6/ (75% 178 (18%) 3438y CVBI0%) /8 (83%) 4/8 (50%) 1/8(13%) 348 (38%) A8 (50%) 478 (50%) 748 [B8%)
CiDEuthanized (%) UB(20%)  205(40% 045 (0%) 0 (0%) 475 (80%) 205140%) 5 RO%) 2/5(40%) s (09%)
Cantral AR DA[OR) 04 (0%) 0A(0%)  ATSR) B [75%) 2/4(50%) 04 (0%) 14 (25¢ 0/ (0%
TABLE 2 | Microssopic findings n each group of rabbits and organs.
Lung Heart
Edema phy ge: C Edema Hyper-
band eosinophilia
necrosis
=] 3B(38%)  TB(EBN) OB ABE0%) 1BIISH)  OB(0%)  2B(25%)  TREESW)  LB(13%)  B(38%)  ABE0W)  TE[EBN) 7B (E3N)
mertaity
[ VEB0%) /5 (0%) USEO%) 0% OBIO%)  O5[8)  D50%)  O()  US(20W)  25(40%)  S/S(00%) 5 (100%)
euthanized
Cortrel 074 (0%) 4 (0% 074 (0%) V4 {0%) 14(25%)  0M(0%) /4 (o) 1/4 (25%) Qv (08%) 074 (09%) 04 (05%) 244 (500%) 204 (50%)
Liver Kidney Spleen Brain Skeletal muscle
Congestion  Vacuolization  Bubble-lke  C c c Edema Hypereosinophilia Wavy fibers
cavities

=] 5/8 (63%) 4/ (50%) a/8 (100%) 8 4/B.(50%) 448 [50%) (BB%) 1813
rertaity
[ /5 (100%) /5 (50%) /5 (8075 5/5 (100%) 505 (10 2/5(40%) /5 [0%) 045 [09%) 2/5 (40%) 2/5(40%)
authanized
Cartrel 114 (25%) wa (0%) /4 (759%) /4 (75%) 074 (0%) 074 (0%) 0/ (0%) /4 (0%) 044 (0%) o (0%6)
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Microscopic bubble-like cavities (i.e., small round to oval
non-staining spaces that sometimes displaced erythrocytes)
were observed within blood capillaries and small vessels from
the lung, heart, and kidneys of the rabbits that died after
decompression as well as in the kidney of animals that survived
decompression and were euthanized. Microscopic gas embolism
in the lung small pulmonary arteries, capillaries, and veins
has been previously described, such as that of Geng et al. (4)
in decompressed rabbits. 'Abbate et al. (24) also described
microscopic bubbles in hepatic sinusoids from rats. In cetaceans
diagnosed with a decompression-like sickness as the cause
of death, abundant microscopic gas embolism was observed
in renal capillaries, subcapsular veins, hepatic sinusoids, and
pulmonary (Figure 3B), coronary, intestinal, and meningeal
vessels (7, 10, 12).

These microscopic lesions were also observed in cetaceans,
disrupting the white matter structure of the brain and spinal
cord (7, 8). Similarly, micro-bubbles in the nervous system have
been described in human medicine, being primarily seen in the
spinal cord (25). It has been hypothesized that the low vascular
supply and the high lipid content of the spinal white matter,
conferred by the myelin that covers the axons, increase the
affinity of inert gases for this structure (26), Thus, most CNS
lesions are described in the spinal cords white matter, such as
punctured hemorrhages, spongiosis, axon swelling, and myelin
degeneration (27). Microscopic bubble-like cavities were not
observed in the brain or cranial spinal cord of the rabbits, but
only the cranial part of the spinal cord was sampled. Future
studies should aim at investigating the entire spinal cord,

Gas composition analysis of the gas embolism was performed
in the rabbits of this study (21) and in some of the cetaceans
diagnosed with a decompression-like sickness. These included
a beaked whale stranded in association with naval exercises
(11) and Risso’s dolphins after a deadly prey interaction (12).
In all cases, nitrogen was the main compound, followed by
CO». Hydrogen, a putrefaction marker, was absent or present in
low quantities.

The most affected organ in all the rabbits from the C/D
model was the lung. Mild to severe pulmonary emphysema
was observed in all of them, while no control rabbits showed
pulmonary emphysema. Similar results have been observed in
other animal models of decompressive sickness with rats and
rabbits (41, 19, 20, 25) as well as in mass stranded beaked whales
associated with military exercises and in single stranded Risso’s
dolphins analyzed in this comparative study (7, 12) (Figure 2B).

Emphysema in other locations, such as the spleen and the
adipose tissue of the abdominal cavity and mesenteric areas,
was also observed in rabbits, Although splenic emphysema
was observed to be affecting both groups in the C/D model,
the severity was more critical in the rabbits that died after
decompression, with severe emphysematous spleens vs. the mild
emphysema of the spleens of rabbits that survived decompression
and were euthanized. Clay (15) also described that half of the
dogs analyzed presented macroscopic and microscopic gas in the
spleen, which sometimes displaced the splenic follicles.

The adipose tissue (Le., mesenteric, abdominal, and coronary
fat depots) presented mild multifocal emphysema in most rabbits

that died after decompression. Since nitrogen is more soluble in
fatty tissues than in non-fat tissues (17), the relevant presence of
bubbles within the adipose tissue in animals that have died by
DCS was probably a macroscopic finding to be considered in the
assessment of this disease. In the case of the cetaceans diagnosed
with DCS, emphysema in the adipose tissue was evident in most
cases, being more evident in the coronary fatty deposits and
beneath the renal capsule (7, 12).

Another relevant injury found in the rabbits that died after
decompression was hemorrhages in different organs. Bubbles
can cause vasoconstriction, leading to the presence of ischemia,
edema, and hemorrhages in target organs such as the lung (3).
Severe pulmonary hemorrhages were present in the rabbits that
died from compression-decompression than those that survived
decompression after 1 h. Pulmonary hemorrhages have also been
described in rats (19, 29), rabbits (4), and stranded cetaceans with
pathological signs of DCS (7, 12).

The beaked whales in the mass strandings were all
diagnosed with decompressive-like sickness (7, 8) that showed
macroscopically acute disseminated hemorrhages in different
organs, being especially severe in the CNS. These multifocal
hemorrhages were mainly in subarachnoid areas, spinal cord,
and meninges (Figure 3F), These findings are similar to those
presented in rabbits from this study. In addition to hemorrhages
in the CNS, vascular congestion, myelin degeneration, axon
swelling, and pericapillary edema are common findings in pigs,
humans, or rats (19, 26, 27, 30). However, in this experimental
model, only congestion and brain-associated hemorrhages in the
subarachnoid space were observed.

Interstitial and alveolar pulmonary edema was observed in
all groups. This edema has also been macroscopically described
in other experimental models that reproduced DCS in rats,
sheep, and rabbits (4, 20, 28, 31). In these models, pulmonary
edema was one of the most observed lesions, along with
emphysema. According to Atkins et al. (31), pulmonary edema
is related to the development of pulmonary hypertension and
increased permeability of blood capillaries due to the contact
of microbubbles with the endothelium, inducing the release
of intracellular calcium, causing damage to endothelial cells,
increasing their permeability, and allowing the release of protein-
rich fluid into the intracellular space (20). In this experimental
model, the low number of affected rabbits and all groups’
presence do not seem relevant to this finding. Cetaceans
diagnosed with DCS also had diffuse pulmonary edema (8) and
non-specific lesions linked to different causes of death.

Acute muscle changes were associated with ischemic damage
caused by stressful situations. In this study, these changes
were found in muscular tissues such as skeletal muscle and
myocardium. These acute changes usually occur within minutes
after ischemia, including contraction band necrosis and wavy
fibers” presence. These changes are well studied in other recent
studies that analyzed the stress to which cetaceans were exposed
while stranding alive (32) (Figure3C). In this study, these
two lesions were reported in fewer animals than expected (1/8
animals in the mortality group presented both lesions and 2/5
animals in the euthanized group presented wavy fibers). Other
acute changes such as hypereosinophilia and intracytoplasmic
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vacuolization were observed in the cardiac and skeletal muscle
of animals that died after decompression and, to a lesser extent,
in those that survived and were euthanized. Since in the rabbits
all the procedures were carried out under surgical anesthesia, this
might prevent the appearance of some stress-related lesions.

Vacuolization of hepatocytes was observed in the C/D model,
with the rabbits that died by the protocol being more affected.
[’Abbate et al. (24) conducted a study on the changes observed in
rats’ liver after undergoing a rapid decompression protocol. Thus,
hepatocellular vacuolization was not observed in spontaneous
death or in the group euthanized after 3 h, but it was observed
in the animals euthanized at 24 h, with different severity levels.
These findings are dissimilar to those obtained in our study,
where the animals that died shortly after decompression had
more marked hepatocellular vacuolization than those that were
euthanized at 1 h post-decompression.

While in this study no fibrin microthrombi were observed
in the compression/decompression model, pulmonary arterial
microthrombi have been described in other studies of DCS
with similar protocols, such as in the study of Tanoue et al.
(33), where rabbits were exposed to a compression protocol
of 6 ATA for 40min and rapid decompression of 5min,
and the animals euthanized immediately after decompression
showed these microthrombi in large arteries of the lung, or
in the study of Geng et al. (4), where thrombosis was seen
in small pulmonary arteries, capillaries, and veins (798 ATA
for 1h, rapid decompression for 5min in rabbits). Arieli
et al. (15), with a rat model subjected to 12’49 ATA for
33min and a rapid decompression in 6min, also described
the blood alterations generated by the microbubbles and the
platelets’ consequent activation which increased the presence of
microthrombi and disseminated intravascular coagulation. In
cetaceans, the presence of these microthrombi associated with
decompression-like sickness was not observed.

In summary, it is necessary to highlight the difference between
the severe presence of systemic gas embolism and associated gas
lesions in rabbits dead by decompression vs. the absence or lower
incidence in euthanized animals. Other studies have observed
that, despite exposing individuals with a similar profile (species,
sex, age, and weight) to the same protocol, bubble formation and
lethality are highly variable (17, 24). Based on this, cetaceans
exposed to the same diving profile and subjected to the same
stress can present different results, with some animals developing
a lethal DCS, while others may survive.

In conclusion, the rabbits that died after decompression
presented large quantities of macroscopic and microscopic gas
bubbles systemically distributed, emphysema, and hemorrhages
in multiple vital organs. Most of the lesions described were
probably due to the bubbles’ mechanical and embolic damage.
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Establishment of a fish model
to study gas-bubble lesions

Alicia Velazquez-Wallraf', Antonio Fernandez', Maria José Caballero'™, Marina Arregui’,
Oscar Gonzélez Diaz?, Ménica B. Betancor® & Yara Bernaldo de Quirés™*

Decompression sickness (DCS) is a clinical syndrome caused by the formation of systemic intravascular
and extravascular gas bubbles. The presence of these bubbles in blood vessels is known as gas
embolism. DC5 has been described in humans and animals such as sea turtles and cetaceans. To

delve deeperinto DCS, experimental models in terrestrial mammals subjected to compression/
decompression in a hyperbaric chamber have been used. Fish can suffer from gas bubble disease
{GBD), characterized by the formation of intravascularand extravascular systemic gas bubbles,
similarly to that observed in DCS. Given these similarities and the fact that fish develop this disease
naturally in supersaturated water, they could be used as an alternative experimental model for the
study of the pathophysiological aspect of gas bubbles. The objective of this study was to obtain a
reproducible medel for GBD in fish by an engineering system and a complete pathological study,
validating this model for the study of the physiopatholegy of gas related lesions in DCS. A massive
and severe GBD was achieved by exposing the fish for 18 h to TDG values of 162-163%, characterized
by the presence of severe hemorrhages and the visualization of massive quantities of macroscopic

and microscopic gas bubbles, systemically distributed, circulating through different large vessels of
experimental fish. These pathological findings were the same as those described in small mammals for
the study of explosive DCS by hyperbaric chamber, validating the translational usefulhess of this first
fish medel to study the gas-bubbles lesions associated to DCS from a pathological standpeint.

Decompression sickness (DCS) is a clinical syndrome described mainly in professional and recreational scuba
divers, presenting symptoms such as muscle and joint pain, difficult breathing, weakness, dizziness, numbness,
skin rashes, and neurological symptoms among others'. DCS was first described in 1878 by Bert’, reporting these
symptoms in caisson workers returning to the surface after finishing their shifts underwater. This disease is caused
by the formation of systemic intravascular and extravascular gas bubbles when the sum of the partial pressures
of dissolved gases in the tissues exceeds the atmospheric pressure’. The presence of gas bubbles in blood vessels
is known as gas embolism and can lead to mechanical and biochemical alterations.

DCS has also been described in wild animals such as sea turtles’ and cetaceans® ', presumably caused by the
alteration of their diving profile and diving response with regards to a stressor*”. In most cases, these alterations
were associated with anthropogenic activities such as the use of high-intensity mid-frequency sonar in military
naval maneuvers coincident in time and space with mass st rcmr.iing-;sg"s or l:ycalch‘, but it has also been described
in stressing large prey interactions'. A severe form of DCS has been described in these species, namely explosive
decompression sickness characterized by a lethal gas embolism, which in humans rarely occurs except in cases
of severe diving accidents'.

To delve deeper into DCS, experimental models in terrestrial mammals subjected to compression/decompres-
sion in a hyperbaric chamber have been used. In some of these models, mainly developed in rats and rabbits,
compressions were performed for a variable period (6-8 absolute atmospheres, 40-90 min) followed by rapid
decompression (3-5 min), aiming to induce severe DCS'*. These models have allowed comparison with marine
mammals affected by DCS, showing very similar pathology findings®.

Fish can suffer from gas bubble disease (GBD), characterized by the formation of intravascular and extravas-
cular systemic gas bubbles, similarly to gas bubbles observed in DCS. GBD has been extensively studied, mainly
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Figure 1. Graphical representation of the evolution of supersaturated water in an open aquarium without
recirculation based on experiments performed from 1140 mmHg (150% of TDG). Each line corresponds to six
different experiments with a similar pattern of TDG decrease in all of them.

in large dam areas where the discharge of significant amounts of water from one dam level to another entrains
and dissolves atmospheric air causing an increase in total dissolved gases (TDG) in the water®’. Clinical signs
have been observed in live fish inhabiting these supersaturated waters, such as loss of buoyancy and erratic
swimming, along with pathological signs such as gas bubbles in eyes and fins*, Fish experimental studies on
GBD have mainly focused on the survival of the different fish species and life stages at different TDG values™ .

Several authors have described the usefulness of an in vivo model of GBD to study gas embolism related to
DCS, from the perspective of the formation of intravascular gas bubbles, their growth and subsequent endothelial
pathophysiology, that are common to both diseases™ . Given the similarities between GBD and DCS and the
fact that fish develop this disease naturally, they could be used as an alternative experimental model following
the replacement principle in accordance with European laboratory animal regulations (Directive 2010/63/EU
of the European Parliament). Hence, the main objective of the present study was to obtain a reproducible model
for massive GBD in fish. In order to achieve this aim, an engineering system was implemented to produce and
maintain over time high concentrations of TDG, and the clinical diagnosis of GBD was confirmed with a com-
plete pathological study validating, for the first time, this fish model to study the gas bubbles associated lesions
similar to DCS from a pathological standpoint.

Results

Generation of supersaturated water with an open aquarium. An engineering system was
designed (see “Methods”) to produce supersaturated water with high percentages of TDG following the exist-
ing literature™*. Once the desired TDG was achieved, the supersaturated water was transferred to an open
aquarium, where it remained stagnant. The results showed a decrease of TDG with time when using the open
aquarium and without recirculating the water. This decrease was observed from a value of 150-125% in approxi-
mately 6 h (Fig. 1).

Generation of supersaturated water with a pressurized aquarium. 'The significant decrease in
TDG forced to modify the initial circuit by designing and introducing, for the first time, a pressurized aquarium
(Fig. 2}, creating a closed circuit with constant recirculation (Fig. 3). This new design was able to produce TDG
water of around 160% and 180% successfully and to maintain it stable over time.

The time at which it was simulated to introduce a fish into the pressurized aquarium (see “Methods”) had
no effect on TDG values, since this simulation caused a slight decrease due to depressurization followed by fast
recovery of TDG. Figure 4 shows the simulation maneuver of fish introduction through the descending peak
and rapid recovery to stable values, behaving similarly in the different trials performed with different TDG
values and times.

Therefore, a model graph of the TDG behavior is established (Fig. 5) that shows the global overview of the
tests performed without fish. The TDG values over time graphs can be divided into different stages: stage 1
(green) in which the supersaturation of the flowing water occurs, stage I {(orange) in which the maximum TDG
value for a given experiment is reached and is maintained stable (plateau), stage 111 (gray) where TDG values
dropped briefly and abruptly (reverse peak) with a quick recovery to a TDG value closed to stage II, reflecting
the isolation and opening of the pressurized aquarium to simulate the introduction of the fish and the subsequent
recirculation of supersaturated water once the aquarium was closed again, and stage IV (yellow), where TDG
values are stable again (Fig. 5).
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Figure 2. Supersaturated water production system components. (1) Open vessel. (2) Motor pump. (3)
Dissolution tube. (4) Synthetic air injection valve. (5) Pressurized tank. (6) TDG and temperature sensor. (6*)
TDG and temperature sensor inside the open circuit. (7) Pressurized aquarium. (8) Pressurized aquarium vent
valve. (9) Pressurized tank vent valve. (10) Synthetic air bottle. (11) Flow meter. (12) Pressurized aquarium inlet
valve. (13) Pressurized aquarium outlet valve. (14) Pressurized tank outlet valve. (15) Running water inlet.

Figure 3. Detail of pressurized aquarium during a fish experiment. TDG and temperature sensor (6).
Pressurized aquarium (7).

The pilot test results showed that the maximum TDG was reached (stage II) after 90 min, although 30-60
more minutes were necessary to confirm that the TDG was stable, at which time the fish may be introduced.

Pilot tests: fish exposure. Fish were exposed to TDG values between 160 and 180%. TDG was main-
tained stable in all tests (Fig. 6). The 3 h, 6 h, and 12 h groups presented GBD, although it was not massive,
regardless of exposure to very high TDG values, so the 18 h group was sequentially resorted to. The 18 h group
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Figure 4. TDG plots represent the pilot tests without fish. The orange lines represent the group in which a high

TDG value (180%) was reached, while the blue lines represent the experiments with a TDG of approximately
150%. The peaks observed in the different tests represent the simulation of fish introduction.
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Figure 5. Diagram of the 4 phases into which the water supersaturation procedure can be divided. Phase |
(green) represents the increase of TDG in the water due to the addition of compressed air from a cylinder. Phase
II (orange): stabilization or plateau phase of the TDG value. Phase I1I (gray): simulation of the introduction of

a fish into the pressurized aquarium representing the loss of TDG when depressurizing the aquarium and the
rapid recovery of the value. Phase IV (yellow): stabilization of TDG post-simulation, which remains constant
over time.

was initially planned for a time exposure of 24 h, following the same reasoning of doubling the hours from the
previous group treatment, but both fish reached the humane endpoint at 18 h, showing signs of loss of buoyancy
and lethargy. TDG average values for the 18 h group was of 162% and 163%.

Clinical signs.  Theclinical signs of the 18 h-fish group are described below (details of all groups are provided
in the Supplementary Material). Thus, both fish from the 18 h group presented the same clinical signs when
introduced into the pressurized aquarium. They immediately presented intense agitation, denoted by swim-
ming back and forth, being three times faster than control fish. In addition, they showed intense opercular
beat frequency, two times faster than control fish. Between 5 and 10 min after the experiment started, fish were
paralyzed at the bottom of the pressurized aquarium. From then on, they were less steady and tried to swim,
slowly recovering their regular swimming pattern and speed and their standard opercular beat frequency. Small
gas bubbles were visible in the lateral and anal fins after 30 min of exposure, becoming visually larger in between
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Figure 6. Representation of the evolution of TDG values from the introduction of the fish to the end of the
exposure time for each experimental fish. F1-F2 correspond to the 3 h group, F3-F4 to the 6 h group, F5-F6 to
the 12 h group, and F7-F8 to the 18 h model group.

1 and 2 h of exposure. Between 6 and 12 h of the experiment, many gas bubbles in all fins were recorded. In the
last interval (12-18 h), the fish presented some loss of scales. At 17 h of exposure, the fish returned to the bottom
of the pressurized aquarium, showed erratic movements, loss of buoyancy, and rigidity of the pectoral fins with
very severe hemorrhages, congestion, and gas bubbles, as well as in the rest of the fins. The fish were euthanized
at this point, following the pre-established humane endpoint.

Macroscopic findings. The macroscopic findings of the 18 h-fish group are described below (details of all
groups are provided in the Supplementary Material). All fins presented severe emphysema, multifocal hemor-
rhagic areas, and gas bubbles within the congestive vessels, either in vivo (Fig. 7A} and post-euthanasia (Fig. 7B-
D). Gas bubbles were also observed within the vessels of the medial side of the opercula. Additionally, the fish
presented loss of scales, mainly around the base of the tail, where the skin was crepitant to the touch denoting
mild subcutaneous emphysema. The gills presented severe congestion.

Internal examination of the organs revealed the presence of large amounts of gas bubbles in the heart, ventral
aorta (Fig. 7E), posterior cardinal veins, gonads veins (Fig. 7F}, swim bladder vasculature, and in the intercostal
vessels. In addition, severe generalized organ congestion, denoted mainly in liver, kidney, and spleen, and mod-
erate emphysema of visceral fat were also observed.

Microscopic findings.  The microscopic findings of the 18 h-fish group are described below (details of all
groups are provided in the Supplementary Material}. Large non-staining dilatations compatible with emphy-
sema and severe congestion were observed in fins (Fig. 8A), along with moderate multifocal hemorrhages and
some intravascular bubble-like round empty spaces among blooed cells. Gills presented severe congestive areas
with large gas bubbles circulating within capillaries associated with primary lamellae. Severe congestion was
also observed in spleen and posterior kidney, with the latter showing some hemeorrhagic areas among the renal
tubules. Rete mirabile of swim bladder, liver, ocular structures, and central nervous system showed moderate
congestive appearance. The same circular structures were observed among the blood displacing the erythrocytes
inside vascular structures of posterior kidney (Fig. 8B}, spleen (Fig. 8C), liver, digestive tract, eyes, central nerv-
ous system (Fig. 8D), gills (Fig. 8E), and between blood of heart’s ventricle (Fig. 8F).

Discussion

A massive GBD in fish with the presence of severe gas-bubble lesions similar to that seen in explosive DCS in
other species. (e.g., humans, cetaceans, rabbits, rats)'"'* was achieved by exposing the fish for 18 h to TDG values
of 162-163%, validating a new experimental model from the point of view of the study of gas bubble pathophysi-
ology, alternative to rabbits and rats following the 3Rs replacement principle.

The Directive 2010/63/EU of the European Parliament states that in the case that the use of live animals is
necessary, an animal species with a lower capacity to feel pain, suffering, distress, or lasting harm that can be
extrapaolated to the target species should be used. Following these reasons, the development of this work and the
use of fish as a model organism for DCS has a great value on the development of new approaches that allow the
implementation of the 3R’s principles.

Unlike rabbits and rats, fish can develop GBD naturally when large quantities of water fall from one dam level
to another, entraining atmospheric gas, causing an increase in TDG. ’Aoust and Smith® were the first authors
to describe GBD in fish as a useful in vivo model to study DCS. From the point of view of the development of
gas bubbles, first intravascular and well perfused tissues, their growth and the consequences triggered by their
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Figure 7. Macroscopic appearance of the 18-h fish group. (A) Fish alive inside the pressurized aquarium in the
last hours of the experiment. Emphysema, congestion, and hemorrhages are observed in all fins. (B) External
examination of the fish after euthanasia. Presence of the similar lesions observed in vivo. (C) Dorsal fin with
the presence of emphysema (star) and multifocal hemorrhages (arrowhead). (D) Detail of dorsal fin with gas
bubbles in blood vessels (arrows) and emphysema (star). (E) Ventral aorta at its exit from the bulbus arteriosus
filled with gas. (F) Gas bubbles circulating in the gonadal vessel and presence of emphysema of the adjacent
adipose tissue.

presence, Speare™® also considered GBD as an interesting model to deepen in the pathophysiological aspects of
gas embolism in DCS.

Most previous studies on the GBD in fish focused on the tolerance and survival of different species and life
stages to specific TDG values??**%. The present study differs from these previous manuscripts in the goal and
approach since the aim was to reproduce a massive GBD as a model to study systemic massive gas bubbles related
to explosive DCS.

The first step in order to achieve a model of massive GBD was to be able to produce water saturated with
high levels of TDG and to maintain those levels along the duration of the experiment. Most previous experi-
mental studies described stable TDG values while recirculating water with an open tank™. However, we could
not recirculate the water in these conditions due to the differences in pressure between the open aquarium and
the rest of the circuit, preventing the correct operation of the motor pump and causing more water outflow than
inflow, leading to overflowing of the aquarium. Hence, the supersaturated water was transferred from the tank to
the open aquarium and remained steady to observe how the TDG values behaved. In this case, the loss of TDG
was almost immediately causing a rapid exponential decrease, as shown in Fig. 1. For this reason, a pressurized
aquarium was added to the design, enabling the same pressure throughout the circuit and allowing constant recir-
culation of water. As a result, TDG values remained constant in these conditions during the study period (Fig. 4).
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Figure 8. Microscopic findings of the 18-h fish group stained routinely with hematoxylin-eosin. (A) Fins
displays the presence of emphysema (stars) and congestion. x4. (B) Posterior kidney with large, unstained,
circular to oval structures between blood components (arrows). x10. (C) Gas bubble-like in the spleen (arrow),
along with congestion. x10. (D) Congestion and dilatation of blood vessels in the brain (arrow). x10. (E) Blood
vessels of primary gill lamellae with large caliber bubble-like gas, circumscribed by blood cells (arrows). x4. (F)
Ventricle cavity of the heart with presence of displaced blood around an oval, unstained structure compatible
with gas bubble (arrow). x4.

Once the stable parameters were achieved, the next step was to perform the experiments by introducing the
fish. Although most experiments on GBD in supersaturated water have been conducted with fish of the family
Cyprinidae, none have been conducted with Carassius auratus. The choice of this species was based on the fact
that carp are fish that acclimatize very well to new environments, are economically accessible, and are easily
marketed.

"The pathology of GBD, in non-experimental studies, is described in both living and dead fish as gas bubbles
and hemorrhages in fins?*>*4_ as well as gill congestion and hemorrhages, along with exophthalmia®*!. In addi-
tion, microscopic lesions such as gas bubbles in blood vessels, hemorrhages, and congestion in different tissues,
attributed to GBD, have been described**. In the first test performed (3 h with TDG 160-178%) fish showed
signs of GBD but at a mild level, with presence of few gas bubbles in fins and vascular locations, together with
mild hemorrhages and organic congestion. The aim of establishing a comparative model of gas-bubbles lesions
from DCS lead to the development of a massive GBD model where the presence of extravascular and intravascu-
lar gas bubbles is severe and massive, throughout most of the vascular system. By sequentially repeating the tests
and doubling the exposure time we reproduced this massive GBD model, after 18 h of exposure to TDG values of
162-163%. This model was characterized by the presence of severe hemorrhages, congestion, and gas bubbles in
the fins as well as the visualization of circulating macroscopic gas bubbles by different large vessels (Fig. 7), cou-
pled with microscopic confirmation of massive quantities of gas bubbles systematically distributed, hemorrhages,
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and multi-organ congestion (Fig. 8). Overall, pathological findings were the same as those described in small
mammals for the study of gas-bubbles lesions in explosive DCS by hyperbaric chamber! 4161820, validating the
translational usefulness of this model from a pathological standpoint.

As described by Marking*!, gas excess in the water is rapidly transmitted to the bloodstream of the fish as
the osmotic pressures between the two sides of the gill membrane tend to equalize and both blood and water
have similar saturation points. This might explain why gas bubbles form in fish with low supersaturations, in
comparison with other species.

The main limitation of this experimental model in fish is from the point of view of raising the questions of
how and when intravascular and extravascular gas bubbles are formed. Therefore, it could not be applied to
studies focused on the origin and formation of these gas bubbles in human DCS, but it could be considered for
the study of the consequences of these gas bubbles.

In conclusion, a massive GBD with severe intravascular and extravascular gas bubbles similar to gas-bubbles
lesions related to DCS was reproduced when goldfish were exposed during 18 h to TDG values between 162 and
163% in a pressurized aquarium. The clinical diagnose was confirmed by means of a pathological study. This
represents the first establishment of a fish model as an alternative model to rodents and other mammals for the
study of gas bubbles produced in DCS in humans and it could be a useful model to deepen in the pathophysiol-
ogy of gas bubbles in tissues.

Methods

Generation of supersaturated water with an open aquarium. Following the scheme of Bouck
etal.”? and taking into account that the dissolution of gas in water depends on pressure and temperature, in order
to obtain supersaturated water at a constant temperature, it is necessary to exert pressure. Thus, these authors, by
microdispersing water in an aeration tank, forced the gas to dissolve. Therefore, with this scheme as baseline™, a
dissolution tube was designed, filled with porous materials of decreasing diameters, which broke the gas bubbles
from the air injected. Supersaturated water was obtained forcing, with constant recirculation, the dissolution of
gas and, therefore, increasing the TDG of the water.

The engineering circuit (IBERCO S.L., Spain) was composed of several structures shown in Fig. 2: (1) an open
vessel which was filled with water from the tap, (2) a motor pump (Grundfos, Model: CM 10-1 ARAE-AVBE
CAAN) to circulate water within the circuit, (3) a dissolution tube with (4) air injectos, (5) a pressurized tank
(max. 3 ATA; 250 L) to increase the pressure and favor the dissolution of gas into water and to store it, (6%) a
TDG sensor (Manta + Trimeter probe, Eureka water probes, USA) placed within the circuit to control for TDG
values. Once the desired TDG value was reached in the pressurized tank, the water was transferred to the open
aquarium, and the TDG sensor was moved into the aquarium to ensure TDG exposure along the duration of
the experiments.

Generation of supersaturated water with a pressurized aquarium. The circuit was modified by
adding a (7) pressurized aquarium (Fig. 3) (max 0.5 bar; 70 L) (IBERCO S.L., Spain). To produce supersatu-
rated water (Fig. 2), first (1) the open vessel was filled with tap water at ambient pressure (the vent valves from
(8) the pressurized aquarium and (9) tank were opened) with the help of (2) the motor pump. Then, both vent
valves were closed, and (10) pressurized synthetic atmospheric air (Premier-X508 200.0B) was injected (). The
amount of synthetic air injected was regulated using a flow meter connected to the circuit. When the maximum
pressure of the circuit was reached (0.5 bar), no more air was injected, and the water was continuously recircu-
lated (3000 L/h) from the dissolution tube to the pressurized tank and vice versa for several minutes to favor the
dissolution of the gas remaining in the head space of the pressurized tank until a dynamic equilibrium between
the gas and the liquid phase within the circuit was reached (determined by a constant reading of TDG values)
and to ensure a homogenous TDG water mixture.

Pilot tests: parameter settings without fish. To adjust the parameters of the experimental model,
different tests without fish were initially carried out following the supersaturated water production scheme
explained above. In these pilot tests, the amount of synthetic air injected and recirculating time was varied, with
the main objective of achieving a stable TDG value of more than 150% during the entire experiment. To test how
high TDG values the system could produce and maintain stability over time, two different TDG ranges of around
150% and 180% TDG were tested. These values were reached by setting the outlet pressure of the synthetic air
bottle at 3 bar, with a flow rate of 10-20 L/min for 4-6 min.

Since in the fish exposure experiments, it is necessary to open the pressurized aquarium in order to introduce
the fish, causing an inevitable pressure loss in the circuit, the effect of this pressure drop in the TDG was analyzed
by simulating the introduction of the fish during the pilot tests. Once the TDG was stabilized around the desired
value, the recirculation of the water was stopped, and the aquarium was depressurized and opened, simulating the
introduction of a fish. Then, the aquarium was closed, and the water was recirculated again through the circuit.
We tested for different times at which introducing the fish.

Pilot tests: fish exposure. 10 adult goldfish (Carassius auratus) of 112.8+11.74 g and 16,95+ 0,60 cm
were purchased from a certified fish distributor in Las Palmas de Gran Canaria (Spain) and acclimatized during
4 weeks in tanks at the experimental animal facility (EGC00616436) of the University of Las Palmas de Gran
Canaria (Spain). The fish were kept under a natural photoperiod of 12:12 h light:dark cycle. Water chemistry
parameters were assessed every 2 days using a colorimetric test kit (nitrate, 10 mg/dm® nitrite, 0 mg/dm® pH,
6.8; total hardness, 80-300 rng,‘dma'. chlorine, 0 mg,’dma}A Dissolved oxygen (> 6.0 mg/ dm®) and temperature
(23-25 °C) were also measured. Fish were fed a commercial pellet (Tetra Goldfish) diet two times a day.
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Fish experiments (n=8) were performed sequentially by increasing time exposure and TDG values to deter-
mine the parameters triggering a massive GBD in adult goldfish, which was confirmed through pathological
studies. The experiments started with 3 h of exposure. If massive production of gas bubbles were not observed,
then the time was increased (3 h (h), 6 h, 12 h, and 18 h). TDG values were established based on the results of
previous non-fish experiments so that these were in the range of 160-180%. These values reflect this range of
amplitude since TDG tends to stabilize as exposure time increases. A humane endpoint (18 h) was established
when the fish showed loss of buoyancy, erratic swimming, and lethargy. Two control animals were placed in the
pressurized aquarium without recirculation of water for 18 h.

Clinical signs.  Clinical monitoring of the fish was performed throughout the exposure time, with the obser-
vation of fish behavior as well as swimming and opercular beat frequency. In addition, the presence of possible
external lesions such as the appearance of gas bubbles and hemorrhages in fins and loss of scales or subcutaneous
emphysema were monitored. Thus, the intense opercular beat frequency value was established when the value
was 2-4 times faster than normal based on control fish (+ 2 openings/s). In the same way, intense agitation was
determined when fish swim 2-3 times faster than regular swimming based on control fish (+ 10 s swimming
from one side of the aquarium to the other).

Macroscopic evalvation. Fish were euthanized with 2-phenoxyethanol (0.6 ml/L). Necropsy was imme-
diately performed by a thorough external examination with an especial focus on describing lesions on fins, eyes,
integument, and gills. Similarly, the coelomic cavity was dissected carefully from the anus to the ventral area of
the operculum via the midline to expose the organs and visualize the blood vessels. A stereo microscope was
used for the visualization of gas bubbles.

Microscopic evalvation. Samples of gill, fins, heart, swim bladder, digestive tract, liver, spleen, anterior
and posterior kidney, gonads, muscle, eyes, and central nervous system were collected in 10% formalin for sub-
sequent histopathological study. The formalin-fixed tissues were dehydrated, cleared, and embedded in paraffin,
and sectioned at 4 pm. The obtained samples were routinely stained with hematoxylin and eosin (H&E) and
microscopically observed by two pathologists.

Approval for animal experiments.  Experimental procedures were approved by the ethical committee of
the University of Las Palmas de Gran Canaria and authorized by the competent authority of the Canary Islands
Government (CEEA-ULPGC 4-2018R1). All the trials were designed and performed to result in the death of as
few animals as possible and reduce the duration and intensity of suffering according to the relevant guidelines
and regulations (Directive 2010/63/EU). Authors complied with the ARRIVE guidelines.

Data availability
All data generated during and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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14 Abstract

15  Fish exposed to water supersaturated with dissolved gas experience gas embolism similar
16  to decompressionsickness (DCS), known as gas bubble disease (GBD) in fish. GBD has
17 beenpostulatedas an alternative to traditional mammals’ models on DCS. Gas embolism
18  can cause mechanical and biochemical damage, generating pathophysiological responses.
19  Increased expression of biomarkers of cell damage such as the heat shock protein (HSP)
20 family, endothelin 1 (ET-1) or intercellular adhesion molecule 1 (ICAM-1) has been
21  observed, being a possible target for further studies of gas embolism. The GBD model
22 consisted of exposing fish to supersaturation in water with approximately 170% total
23 dissolved gas (TDG) for 18 hours, producing severe gas embolism. This diagnosis was
24 confirmed by a complete histopathological exam and the gas score method. HSP70
25  showed a statistically significant upregulation compared to the control in all the studied
26 organs (p <0.02). Gills and heart showed upregulation of HSP90 with statistical
27  significance (p = 0.015 and p = 0.02, respectively). In addition, HSP70 gene expression
28 in gills was positively correlated with gas score (» = 0.033). These results suggest that
29  gas embolism modify the expression of different biomarkers, with HSP70 being shown
30 asa strong marker of this process. Furthermore, gas score is a useful tool to study the
31  abundance of gas bubbles, although individual variability always remains present. These
32 results support the validity of the GBD model in fish to study gas embolism in diseases
33 suchas DCS.

32 Introduction

35  The circulation of gas bubbles through the vascular system is known as gas embolism. It
36  can be developed under different conditions, including the accidental introduction of gas
37  during surgical and medical procedures [1,2], penetrating traumas [3], as well as in
38  pathological processes such as barotraumas and decompression sickness (DCS) that can
39 produce intra- and extravascular gas bubbles [4]. Depending on the cause of gas
40  embolism, the abundance and distribution of gas bubbles may differ [1]. DCS is mostly
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described in human divers [5], although it has also been reported in cetaceans [6,7] and
marine turtle [8]. Fish experienced a gas embolism similar to DCS named gas bubble
disease (GBD) [9,10].

GBD and DCS share similarities in terms of pathophysiology, the latter has previously
been postulated as an experimental model for studying DCS [10-13]. Velazquez-Wallraf
et al. [14] reported the study of GBD in fish as an alternative to traditional mammals’
models for the study of gas embolism and DCS in accordance with the replacement
principle from the European regulations for the use of laboratory animals (Directive
2010/63/EU of the European Parliament).

GBD occurs in fish when the water where they inhabit gets supersaturated of dissolved
gases [15]. This disease has been responsible for high fish mortalities mainly described
in large hydroelectric projects where, due to the force exerted by the water mass falling
from one dam to another, atmospheric gases are entrained and forced to dissolve [10].
Exposure of fish to these supersaturated waters causes the development of intravascular
and extravascular gas bubbles [11], which varying in severity depending on the total
dissolved gas (TDG) values and length of exposure [15]. TDG supersaturation values
higher than 120% have triggered acute GBD and lead to death of some fish [15].

Gas embolism can cause mechanical and biochemical damage [16], generating
pathophysiological responses, notably from endothelial cells, the first cell line to
encounter intravascular gas bubbles [17]. Regarding GBD, Speare et al. (1991) [18] were
the first to describe GBD lesions related to endothelial damage. Although the mechanism
remains unclear, two possible pathways of endothelial cell activation have been
hypothesized [18]. Direct activation by contact of the gas bubbles with the endothelial
wall cells themselves has been proposed [19] and, on the other, indirect activation by the
formation of molecules secondary to gas embolism [20]. Regarding direct activation, gas
bubbles are foreign surfaces that cause a circulating blood-bubble interface [21]. This
foreign interface may generate activation of plasma proteins, platelet aggregation, leading
to thrombogenesis [22] and consequent thrombocytopenia [23], involving cell adhesion
molecules, such as intercellular adhesion molecule 1 ICAM-1). ICAM-1 is expressed
by endothelial cells in response to the call of proinflammatory cytokines, facilitating the
migration of leukocytes across the endothelium into inflamed tissue [24]. In addition,
endothelial cells respond to bubble contact by generating biomarkers of endothelial stress,
such as the heat shock protein (HSP) family [17]. The consequent endothelial dysfunction
causes a decrease in nitric oxide (NO), a vasodilator molecule, that generates a relative
increase in vasoconstriction factors, mainly endothelin-1 (ET-1). Therefore, activation of
the expressed biomarkers due to the above circumstances represents an important target
for further investigation of gas embolism [25].

In this study, we tested the hypothesis that GBD in fish induces similar vascular and
cellular responses to other gas embolisms, suchas DCS in mammals, and if it can be used
as an alternative experimental model. To test this hypothesis, we first induced a severe
GBD in a group of goldfish (Carassius auratus), we evaluated tissue damage through
pathology, we assessed the presence, distribution, and amount of gas bubbles in several
intra- and extravascular locations and analyzed the expression of different biomarkers
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84  that have previously been associated with the consequent biochemical damage of gas
85  embolism in other laboratory animals.

ss Material and methods

g7 Experimental fish

88  For this study, 20 goldfish (Carassius auratus), 10 males and 10 females (weight: 116.1
89 + 113 g; length: 17.2 £ 0.5 cm long), were purchased from Tropical Centre (ICA
90  Canarias). Fish were kept in tap water conditioned with JBL Biotopol and JBL Denitrol,
91  according to the manufacturer’s instructions, with a natural photoperiod of 12:12h
92  light:dark cycle and fed twice daily. Using a colorimetric test kit, water parameters such
93  as nitrate and nitrite concentration (<10 mg/dm? nitrate, 0 mg/dm? nitrite), pH (+6.8), total
94  hardness (80-300 mg/dm?) and chlorine (0 mg/dm?) were measured every two days, along
95  with measurement of temperature (23-25 °C) and dissolved oxygen (>6.0 mg/ dm?).

96 Experimental procedures

97  Fishwere evenly divided into two treatment groups: control group (n=10) and GBD group

98  (n=10). Fish in the GBD group were individually introduced into a pressurized aquarium

99  for 18 hours with supersaturated water produced following Velazquez-Wallrafetal. [14].
100  This supersaturated water was produced using a pressure vessel (max. 3 ATA) coupled
101  to a pressurized aquarium (max. 0.5 bar) through constant recirculation of the water.
102  Briefly, the vessel was filled with tap water at ambient pressure, the water was
103  recirculated throughout the circuit with the help of a motor pump and pressurized
104  synthetic atmospheric air was injected until reaching the maximum pressure of the circuit.
105 At that time, the water was kept in constant recirculation, passing through a dissolution
106  tube composed of small-diameter porous materials that forced the gas to dissolve in the
107  water, until a dynamic equilibrium between the liquid phase and the gas phase was
108  obtained. This entire process was controlled by a TDG sensor with real-time values.

109  Fish were introduced in the pressurized aquarium when TDG supersaturation levels of
110 169 + 5% were reached in agreement with Velazquez-Wallraf et al. [14]. Fish from the
111 control group were placed in the same aquarium but without exerting pressure or
112 recirculation of water, so the TDG saturation level was 100% during the 18 hours of
113 control test. During the exposure, activity and clinical signs were monitored and
114  registered, paying special attention to opercular movements frequency, swimming
115  behavior, presence of gas bubbles in fins or eyes, loss of scales, hemorrhages, or
116  subcutaneous emphysema, as described by Velazquez-Wallrafetal. [14]. After 18 hours,
117  fish from both groups were euthanized with 2-phenoxyethanol (0.6 ml/L).

118 Gas score: presence, amount, and distribution of gas bubbles

119  Before dissection, the eyes, integument, gills, and fins were examined under a stereo
120  microscope for the presence of gas bubbles and lesions. Later, the coelomic cavity was
121 carefully opened to enable the visualization of internal organs and vasculature, and
122 presence, amount, and distribution of intravascular and extravascular gas bubbles, was
123 evaluated using a gas score index [26] adapted to fish. The locations used for the
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assessment of intravascular gas bubbles were fin, opercular, cranial and caudal
subcutaneous, swim bladder and posterior cardinal veins, as well as ventral and dorsal
aorta. Intravascular locations were graded from 0 to 6, while extravascular locations were
graded from 0 to 3 (Table 1), In the extravascular locations, the gas score was based on
the presence of emphysema in the visceral fat and fins. Total gas score was calculated by
the summation of the gas score index for each location. Gas score ranged from 0 to 54.

Table 1. Definition of gas score index. Gas score definition for post-mortem examinations, following
Bernaldo de Quirés et al. [25].

\ GAS SCORE DEFINITION

INTRAVASCULAR LOCATIONS

GRADE 0 Absence of bubbles

GRADE 1 Occasional bubble

GRADE 2 Few bubbles

GRADE 3 Few bubbles and discontinuities of blood

GRADE 4 Moderate presence of bubbles

GRADE 5§ Abundant presence of bubbles

GRADE 6 Complete sections filled with gas
EXTRAVASCULAR LOCATIONS

GRADE 0 Absence of gas

GRADE 1 Scarce presence (1 organ affected)

GRADE 2 Moderate presence of gas (more than 1 organ)

GRADE 3 Abundant presence of gas (systemic)

Gross and histopathological evaluation

Simultaneously to the gas score, external and internal organs were examined
macroscopically for lesions, and representative samples were collected and fixed in 10%
buffered formalin. Samples were processed routinely, embedded in paraffin wax and 4-
um-thick sections were cut and stained with hematoxylin and eosin (H&E) [27] and
examined by two pathologists. Additionally, samples were also pretreated with chromic
acid to fix lipids prior to paraffin-embedding [28]. Lipids were stained with Oil O Red
and the tissue was counterstained with Mayer's hematoxylin to discriminate between gas
and fat emboli [29].

Gene expression analysis by real-time qPCR

Molecular studies of biomarkers of vascular damage were carried out in 6 fish from each
group. Samples of posterior kidney, gills, heart, and ventral aorta were collected in
cryotubes with 1 ml of RNA-later (Sigma-Aldrich, Dorset, UK), maintained for 24 hours
at 4 °C and then preserved at -80 °C until RNA extraction from the samples was
performed. Sequences corresponding to the open reading frame (ORF) for selected genes,
HSP70, HSP90, E-1, and ICAM-1, for Carassius auratus were aligned using NCBI
BLAST sequence alignment analysis (NIH) and primers designed on common conserved
regions (Table 2). In addition, elongation factor 1-alpha (EF1a) and beta-2 microglobin
(B2M) were chosen as reference (housekeeping) genes, according to GeNorm.

Table 2. Target and reference genes. Sequences of designed primers and the efficiency and correlation
values of each gene.
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 HSP70  FORWARD PRIMER ~ ACCTACTCAGACAACCAGCC R>=0.992
REVERSE PRIMER CCACTGCCGACACATTTAGG EE1067%
HSP90 FORWARD PRIMER GCTTCGAGGTGCTGTACATG R’=0.998
REVERSE PRIMER TTGGCCTTGTCTTCCTCCAT Flelak
ET-1 FORWARD PRIMER AGCGCTCAGTAACAGAACCT R>=0.99
REVERSE PRIMER CGTTGTCTGTTTGTCTGCCA Fo10131%
ICAM-1 FORWARD PRIMER GGCAGTATCAGCTCCAGTGT R2=098
REVERSE PRIMER CACACCAGTACTGAGCTCCA o 10374%
EFla FORWARD PRIMER GATTGTTGCTGGTGGTGTTG 2=0.992
REVERSE PRIMER GCAGGGTTGTAGCCGATTT E=9348%
B2M FORWARD PRIMER GCCCTGTTCTGTGTGCTGTA R>=0.999
E=103.74%

REVERSE PRIMER AAGGTGACGCTCTTGGTGAG

154

155  Target tissues were dissected and homogenized in tubes with 900 pl of Qiazol Lysis
156  Reagent using a stainless-steel bead in Tissuelyser II (Qiagen, Hilden, Germany), and
157  following the manufacturer's instructions for total RNA extraction. Isolated RNA was
158  quantified via spectrophotometry (Nanovue plus spectrophotometer, Biochrom Ltd.,
159  Cambridge, UK). RNA quality was estimated by visualization on 1% agarose gel with an
160 UV transluminator (Bio-Rad, California, USA). Complementary DNA (cDNA) was
161  synthesized from 10 pl of extracted RNA using the High-capacity cDNA reverse
162  transcriptionkit (Thermo Fisher scientific, Massachusetts, USA), and performing reverse
163  transcription by thermocycler. To quantify this cDNA synthesis, a Qubit fluorometer
164  (Thermo Fisher scientific, Massachusetts, USA) was used together with a Qubit ssDNA
165  Assay kit, performing standard curves.

166  Confirmation of correct amplification of selected reference and target genes was carried
167  out previously as follows: melting-curve analysis for each primer set was conducted to
168  further confirm the specificity of PCR amplification. To calculate the PCR amplification
169  efficiency of each primerset, serial dilution of cDNA from the samples and no-template
170  control were used as templates for Real-Time quantitative PCR (RT-qPCR). The standard
171 curve was generated for the calculation of amplification efficiency (E) and correlation
172 coefficients (R2) of each primer set. These values are listed in Table 2 and were
173 calculated to ensure that the efficiency is above 90% for all primer pairs.

174  RT-qPCR was carried out using QuantStudio 12k flex RT-qPCR system (Applied
175  Biosystems, Warrington, UK) in 96 well-plates in triplicates (technical replicates). The
176  total volume per reaction was set at 10 pl, containing 1 ul of cDNA sample (1:10 diluted),
177 5 pl of TB Green™ Premix Ex Taq™ II-Tli RNaseH Plus (Takara Bio Inc., Kusatsu,
178  Japan), 0.2 pl ROX Reference Dye II (50X; Takara Bio Inc.), 0.2 pl of forward and
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reverse specific primers for each gene and 3.4 pl of ddH,0. In addition, no-template
control (CNTC) and RT negative control (CRT") were used as negative controls for each
primer set. The amplification programs were set as an initial denaturation step at 95°C for
30 sec, followed by 40 PCR cycles: 5 s at 95°C, 1 min at 62°C for annealing temperature.

The RT-qPCR data were analyzed using Design & Analysis Software v.2.4.3 (Thermo
Fisher scientific, Massachusetts, USA). Cycle threshold (Ct) values were obtained using
auto baseline and applied to all amplicons of the same primer set. The fold change in
expression of target genes (HSP70, HSP90, ET-1, ICAM-1) was calculated using the 2
AC method [30]. Gene expression of each sample was normalized with the geometric
mean of RNA content of reference genes (EFla, B2M).

Statistical analysis

The differences in biomarker gene concentration in control fish vs fish with GBD were
analysed by Mann-Whitney test. Biomarker genes that were found to be statistically
significant different (p < 0.05) or near statistically significantly different (p < 0.1), the
correlation of these gene concentrations and total gas score was evaluated by Spearman’s
correlation coefficient. The significance level used for all statistical tests performed was
p value < 0.05. SPSS software package (version 29.0; SPSS, IBM) and R software
package (version 3.3.1; R Development Core Team) for Windows were used. Statistical
power was calculated by post hoc test with a significance level of 0.05, using G*power
software (version 3.1.9.6; Heinrich-Heine-Universitit Diisseldorf).

Results

Fish behavior and clinical signs under exposure to
supersaturated water

During the treatment, all fish from the GBD group showed clinical signs consistent with
severe GBD such as increased opercular and swimming frequency along with the
presence of gas bubbles in the fins. The presence and size of these gas bubbles increased
with time spent in pressurized and supersaturated water. In the last two experimental
hours, fish presented with erratic movements, loss of buoyancy along with severe
hemorrhages and gas bubbles in the fins. Control fish showed no behavioral or clinical
signs during observation.

Gas score: presence, amount, and distribution of gas bubbles

The results obtained at each intravascular and extravascular location, as well as the total
gas score of the GBD group are shown in Fig 1. In the GBD group, half of the studied
intravascular locations presented a mode gas score of 5: fin veins (90% of the fish) (Fig
2A), posterior cardinal veins (60%) (Fig 2B), ventral aorta (50%) (Fig 2C), and dorsal
aorta (30%). The subcutaneous caudal (50%) (Fig 2D) and opercular veins (30%)
presented a mode gas score of 4; and the subcutaneous cranial (60%) (Fig 2E) and swim
bladder (50%) vein had a mode gas score of 3 (Fig 2F). Within the two extravascular
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locations studied, mode gas score was 2, both in visceral fat emphysema (60%) and fin
emphysema (50%). All the control animals showed a total gas score of 0.

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54
mFins V. = Opercular V. Cranial subcutaneous V. & Caudal subcutaneous V. % Swim bladder V.

® Cardinal Posterior V. mVentral aorta mDorsal aorta mVisceral fat emphysema W Fins emphysema

Fig 1. Gas score results. Gas scores obtained in the intravascular (0-6 scores) and extravascular (0-3
scores) locations of each fish in the GBD group. The total gas score of each fish is also shown.

Fig 2. Gas scorelocations under stereo microscope. A) Fins. Presence of large gas discontinuities in
the blood vessels (arrow) causing a gas score 5, together with emphysema (star), graded with gas score of
3. B) Posterior cardinal veins. Presence of abundant gas bubbles along their entire course (arrows), with
gas score 5. Detail of gas bubbles at the beginning of the posterior cardinal veins from the caudal vein
(inset). C) Heart and ventral aorta. Gas score 5 with abundant presence of gas bubbles at the exit of the
ventral aorta (arrow) from the bulbus arteriosus (star), which appears gas dilated. D) Caudal subcutaneous
veins with moderate presence of bubbles (arrows). Gas score 4. E) Cranial subcutaneous veins with few
bubbles inside, although with a discontinuity (arrows). Gas score 3. F) The vein of the swim bladder with
abundant presence of gas bubbles (arrow), running parallel to the pneumatic duct (star). Gas score 5.
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Gross and histopathological evaluation

Externally, the presence of subcutaneous emphysema was denoted by skin in 70% of fish
(7/10), coinciding with areas where the loss of scales was observed invivo. Fins presented
emphysema and hemorrhages in all animals (100%, 10/10) (Figs 3A and 3B), being the
pectoral fins (90%, 9/10) followed by the caudal fins (50%, 5/10) the most affected
locations. The gills presented severe hemorrhages (70%, 7/10) (Fig 3C).

"I " N 7

Fig 3. Macroscopic lesions. A) Presence of hemorrhages and emphysema in the fins, pectoral fins with
greater affection. B) Fins with greater detail of the emphysema (star) and the hemorrhages described, as
well as a bubble in a blood vessel. C) Presence of hemorrhage in the gills, appreciated in the ventral area
of the gills. D) Portion of liver surrounded by visceral fat, which presents an emphysematous aspect.

In the opening of the coelomic cavity, emphysema of the visceral adipose tissue stood out
in most animals (70%, 7/10) (Fig 3D). In addition, the swim bladder was hyperinflated
(90%, 9/10) and the bulbus arteriosus of the heart appeared distended due to the presence
of gas (100%, 10/10). Multiorgan congestion was observed: fins (70%, 7/10), gills
(100%/10/10/10), posterior kidney (90%, 9/10), liver (90%, 9/10), spleen (70%, 7/10),
and central nervous system (50%, 5/10).

Microscopically, notable findings were emphysema of fins (100%, 10/10) observed as
gas-distended areas between the fin rays, together with congestion (100%, 10/10). In
some animals, hemorrhages due to the rupture of larger congested blood vessels were
observed in the fins (60%, 6/10). The gills showed remarkably consistent microscopic
congestion (100%, 10/10) and hemorrhages (70%, 7/10), together with fusion of the
secondary lamellae in some animals (50%, 5/10) (Fig 4A). In the posterior kidney,
severely dilated blood vessels were observed (90%, 9/10), without the presence of
circulating blood, while in those with the presence of blood, congestion was observed
(100%, 10/10) (Fig 4B). Intravascular bubble-like round empty spaces among blood cells
were identified in different blood vessels. These were predominantly observed in fins
(90%, 9/10), gills (90%, 9/10) and posterior kidney (80%, 8/10) in considerable amounts.
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260 In other organs intravascular gas bubbles were also observed but only in some animals,
261  such as ventral aorta (30%, 3/10) (Fig 4D), in the coronary veins of the heart (30%, 3/10),
262  spleen (20%, 2/10), gonads (20%, 2/10), and liver (10%, 1/10). These structures were
263 neither stained by H&E or Oil Red, confirming that they were gas bubbles (Figs 4E and
264  4F). Multiorgan congestion was confirmed via microscopic visualization.

w8 et @

265

266  Fig4. Microscopic lesions. A) Gills with the presence of a large gas bubble in the central vessel of the
267  primary lamella (star). There is also fusion of the secondary lamellae (arrow). HXE x10. B) Posterior
268  kidney with presence of vascular dilatations (arrowhead) and congestion of blood vessels. HXE x4. C)
269  Posteriorkidney with presence of large gas bubble displacing blood components to the periphery (star).
270  HxEx10.D) Ventral aortaat origin of the arterial bulb, showing gas bubbles inside (star). HXE x10. E)
271 Gas bubbles at the base of a holobranch (star). HXE x4 . F) Control of gas bubbles on the same sample as
272 above. Chromic acid x4.

273 The macroscopic and microscopic pathological findings of each fish, as well as the
274  degrees of severity shown, are described in Table 3 and Table 4. Examination of the
275  control group revealed no pathological findings.
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282 Gene expression analysis

283  Gene expressionresults were logarithmically transformed and were expressed as mean +
284  standard error of the mean (SEM) (Fig 5). The expression of HSP70 and HSP90 genes
285  were significantly increased in gills (p = 0.002; p = 0.015, respectively) and heart (p =
286  0.002 in both). HSP70 gene expression was also significantly increased in the posterior
287  kidney and ventral aorta (p = 0.002 in both), compared to the control group. ET-1 in
288  posterior kidney and ventral aorta, HSP90 in posterior kidney, and ICAM-1 in gills
289 showed a tendency towards upregulation compared to the control group although no
290  statistically significant differences were observed. Results of statistical power for each
291  biomarker expression performed are describedin S1 Table. HSP70 expression statistical
292  analyses in the four tissues had high statistical power (>90%).
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293

294  Fig5. Gene expression of biomarkers in selected tissues. Log-transformed gene expression of the four
295 biomarkers in the tissues studied from the control group and the GBD group. Statistically significant
296  differences were observed in HSP70 for the four tissues and in HSP90 for gills and heart. Other results

297  suchas HSP90 in posterior kidney, ET-1 in posterior kidney and ventral aorta, as well as ICAM-1 in gills
298  showed tendency to upregulation compared to the control group without reaching statistical significance.

299 Correlation between gas score and genes expression

300 HSP70 expression in gills correlated strongly with total gas score, with statistically
301  significantresults (= 0.886, p = 0.033). Additionally, a tendency to correlate was found
302  for HSP70 expression in the heart and ET-1 expression in the posterior kidney with total
303  gas score, although these correlations were not statistically significant (» = 0.771, p =
304  0.103; and » = 0.657, p = 0.175 respectively) (Fig 6). Results of statistical power of
305  correlation studies performed are described in S2 Table. HSP70 in gills and heart with
306 total gas score had a correlation with high statistical power (>90%).
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Fig 6. Correlation between total gas score and gene expression of biomarkers. There is a significant
correlation between total gas score and HSP70 expression in gills, while ET-1 in posterior kidney and
HSP70 in heart exhibit a trend but with no statistically significant correlation with total gas score.

Discussion

In the present study, we reproduced gas embolism as seen in DCS in fish (i.e., GBD)
following Velazquez-Wallraf et al. [14]. The diagnosis of severe gas embolism was
confirmed through a complete histopathological study and the gas score method. HSP70,
HSP90, ET-1 and ICAM-1 genes were upregulated in different tissues of fish with GBD.
These results were statistically significant in the case of HSP70 in the four tissues studied
and in HSP90 in both gills and heart. ET-1 in posterior kidney and ventral aorta, HSP90
in the posterior kidney, and ICAM-1 in the gills had a tendency to increase their
expression compared to control group, although without statistical significance. HSP70
gene expression in gills correlated positively with total gas score.

The dissolution of atmospheric gas in the water of large dams occurs continuously, due
to the constant fall of water from one reservoir to another causing nearby waters to remain
supersaturated [15]. Velazquez-Wallraf et al. [14], attempted to reproduce this open
environment experimentally through an open aquarium, observing that gases were rapidly
released to the atmosphere with a consequent loss of the TDG values of the water. They
resorted to a pressurized aquarium to maintain constant recirculation of the water and
stable TDG values [14]. The effect of this closed environment on the fish was measured
through the control group fish, with no relevant behavioral change or clinical sign
observed [14]. The control group of the present study also did not show behavioral
alterations or clinical signs related to the pressurized aquarium.

The main macroscopic and microscopic findings were gas bubbles systemically
distributed. Other main pathological findings included: emphysema in fins, subcutaneous
tissue, and adipose tissue, hemorrhages in fins, gills, and posterior kidney, and multiorgan
congestion. These pathological findings were consistent with those described previously
by our group [14] and other studies of GBD in fish [31-35].
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336  All fishin the GBD treatment group had a relatively high total gas score, although there
337  was some inter-individual variability. This inter-individual variability was observed in
338 the opercular veins, swim bladder vein, caudal subcutaneous veins, or the dorsal aorta.
339  Hence, these locations were considered the most relevant to evaluate the severity of the
340 gas embolism. Individual variability has been postulated to play a determining role in
341  diseases that produce gas embolism [36, 37].

342  Increased amount of gas bubbles in vascular locations systemically distributed have been
343  alsoreported in DCS experimental models: in guinea pigs [38], dogs [39, 40], mice [41],
344  rabbits [26, 36, 42, 43], sheep [44], swine [45-47], rats [17, 37, 48-50], and in natural
345  occurring DCS in humans [51, 52], cetaceans [7, 53-56] and sea turtles [8]. The gas score
346  index was validated as a method to evaluate the presence of gas bubbles postmortem by
347  correlating this index with the amount of gas bubbles seen by ultrasound in vivo in the
348  right heart of rabbits [57]. The gas score has been used as a diagnostic tool for gas
349  embolism [26, 55, 58], with the affected animals showing high total gas scores, in
350 agreement with the present study.

351  Circulating intravascular gas bubbles trigger activation of the vascular endothelium,
352  widely described in diseases such as DCS [59, 60] and GBD. For example, Speare et al.
353  [18] related for the first time that GBD lesions were associated with endothelial damage.
354  This generates a stress response of the organism, causing the emergence of different
355  biomarkers [61].

356  HSPs are a superfamily of proteins that regulate different physiological processes mainly
357  related to other proteins [62]. As a defense mechanism, the expression of these proteins
358  can be increased under different stresses, especially thermal, oxidative, or hypoxic [63].
359  The main role of HSP70, one of the most studied HSPSs, is cytoprotection [64] and
360 participation in the cell growth by mediating the production of nascent proteins [65].

361  HSP70 expressionin gills, heart, posterior kidney, and ventral aorta showed a statistically
362  significant pattern of upregulation in the GBD group. The gills were the location with the
363  greatest magnitude difference between groups. The gills are the tissue that functionally
364 resembles the lung in mammals [66]. Considering this, our results are in agreement with
365  previous studies that showed an increase in HSP70 expression in lung, liver, and heart of
366  rabbits[19], and in lungs of rats [61]. HSP70 expression in tissues has been postulated by
367  several studies as a stress biomarker [67-69].

368  HSP90 showed a statistically significant upregulationin gills and heart. HSP90 is mainly
369  aconstitutive proteinthat, in certain circumstances, is induced to regulate client proteins
370  in response to damage [70]. HSP90 expression following decompressive stress was not
371  significantly elevated in tissues in contrast to the expression of HSP70 in the few existing
372  studies measuring this marker, probably because baseline tissue expression levels of
373 HSP90 in physiological situations are already high [25, 71]. In this study, the significant
374  upregulation of HSP90 in gills and heart might be explained by the severity of the gas
375  embolism.

376  Zhang et al., [72] suggested that elevated levels of ET-1 in blood serum after
377  decompressive stress might be used to evidence endothelial stress in DCS. ET-1 is the

146



Scientific publications: Publication Ill

378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

394
395
396
397
398
399
400
401
402
403
404
405

406
407
408
409
410
411
412

413
414
415
416
417
418
419
420
421

PLOS ONE Accepted for publication onJuly 1, 2023.
Manuscript draft: PONE-D-23-04319R2. 10.1371/journal.pone.0288659

most potent vasoconstrictor factor known and it is secreted mainly by endothelial cells
[73]. Although vascular endothelium is the most abundant source of ET-1 in the organism
[74], this peptide is also secreted by the tubular cells of the renal medulla [75]. The
posterior kidney is a highly vascularized organ, lodging in the perirenal area large caliber
blood vessels such as posterior cardinal veins or the dorsal aorta [76], but also with small
caliber arterioles and venules from malpighian corpuscle, where gas bubbles can easily
get trapped and cause mechanical and biochemical damage. In our study, ET-1 tended to
increase its expression in the posterior kidney and ventral aorta of GBD fish, but it was
not statistically significant. These results could be used as a premise to test if ET-1 is
elevated in blood serum of fish with GBD, and if this marker would be the best marker
of gas embolism induced endothelial damage as suggested by Zhang et al. [72], since
markers in blood serum accumulate over a course time if the half-life of the molecule is
relatively high. This accumulation effect might provide a larger magnitude of difference
between groups compared to expression alone in tissues. Therefore, the tendency to
upregulation shown in both posterior kidney and ventral aorta for this biomarker is to be
expected.

In the present study, no significant differences in ICAM-1 expression were found in the
GBD group, in contrast to other studies [72, 77]. ICAM-1 is a transmembrane protein that
is mainly located in the membrane of endothelial cells and leukocytes [78], allowing the
transmigration of the latter through the endothelium to inflamed tissues [79]. Increased
expression of ICAM-1 in lungs of rats with gas embolism after decompression has been
observed by immunohistochemistry [77]. Some authors report that increases in
expression of this molecule is slight in animals with gas embolism [80] while others
consider it potentially as a valid parameter for endothelial dysfunction [72]. The
differences in results from our study compared to the literature may be due to the
experimental design, either because of the difference in ICAM-1 detection techniques and
localization (tissue/blood serum) or that our model may not reach the time necessary to
produce an inflammatory response sufficient to highly express this biomarker in tissues.

Total gas score presented a statistically significant correlation with HSP70 in gills. In the
case of HSP70 in heart and ET-1 in posterior kidney, there was a tendency to correlate
with the total gas score, but it was not statistically significant. These organs are highly
perfused; therefore, the greater the amount of gas bubbles circulating through the vascular
structures, the greater the expression of biomarkers associated with stress and endothelial
dysfunction should be observed. ET-1 in blood serum correlated positively with the
amount of gas bubbles observed in rats [17].

The correlations between gene upregulation and the gas score demonstrate that the
damage was produced by the gas bubbles. In the case of the remaining correlations that
did not exhibit a statistical significance, it is probably related to the limitations of this
study: small sample size, the semiquantitative nature of the gas score index, and small
variability in total gas score. Future studies should increase the sample size but also
induce different degrees of severity of gas score so correlations between gas score and
other markers can be better established. Furthermore, the gas score is a semiquantitative
variable and the gene expression of markers a quantitative variable, consequently the
correlation study performed cannot discriminate as much as if both variables were
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422  quantitative. Still, with these limitations, we were able to detect a statistically significant
423 correlation between total gas score and HSP70 expression in gills, and a tendency to
424 correlate with no statistical significance between total gas score and HSP90 in gills and
425  heart, and ET-1 in posterior kidney. Power analysis for correlations with total gas score
426 showed that HSP70 in both gills and heart had high statistical power (>90%) while the
427  trendto correlation with ET-1 inthe posterior kidney showed acceptable statistical power
428  (>70%) and may be promising correlations with a larger sample size.

429  The limitation of the sample size also applies to those biomarkers that, showing a
430 tendency to upregulation, did not present statistically significant differences, being
431  starting points for future studies with a larger sample size. The power analyses indicated
432 that significance may have been reached if sample size were larger. On the other hand,
433 the effect size of the non-significant samples was very small, requiring an excessively
434 large sample size to achieve statistical significance, suggesting that there were no
435  differences for GBD vs control for those markers. Overall, our study suggests that fish
436  with GBD might be a valid model to experimentally study gas embolism and DCS and
437  its effects similar to other traditional laboratory animals (i.e., mice, rats, and rabbits) but
438  in a species with lower capacity to feel pain following the 3Rs replacement principle
439  (Directive 2010/63/EU of the European Parliament).

440  In conclusion, fish with severe gas embolism showed an increase in HSPs, mainly HSP70,
441  and a positive correlation with the gas score. Our results confirmed that HSP70 is a strong
442  marker of gas embolism as has previously been demonstrated in other animal models,
443  validating this model for the study of gas embolism and its effects. These results validated
444 fish with GBD as a model for further investigation of the pathophysiological pathways of
445  gas embolism, with the possibility of extrapolating the results to other susceptible species
446  such as cetaceans, sea turtles or humans.
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Conclusions

1. Predominant pathological findings in experimental rabbits exposed to
a severe compression and decompression treatment were gas embolism
systemically distributed, emphysema, and hemorrhages in multiple vital
organs. These lesions are similar to those previously described in
cetaceans with decompression-like sickness, providing further evidence
of this pathology and reinforcing its diagnosis in this group of animals.

2. A massive and severe gas bubble disease model was reproduced by
placing fish in water with 162-163% of total dissolved gases
supersaturation for 18 hours.

3. The severe presence of intravascular and extravascular gas bubbles
generated in the fish model and the associated pathological lesions such
as multiorgan hemorrhages are closely related to those observed in
experimental models of explosive decompression sickness.

4. The gas embolism generated in the experimental model in fish
modifies the expression of different cell stress or damage markers, being
HSP70 a strong marker for this process.

5. The gas score method was applied for the first time in fish, and was
confirmed as a useful, easy, and low-cost tool for postmortem
examinations to address the presence, distribution, and abundance of
intravascular and extravascular gas bubbles also in fish.

6. The experimental results of fish with GBD validate the use of this
animal model for the study of gas-bubble lesions being an alternative to
the traditional use of small mammals applying the 3R's replacement
principle of research

7. In both species, rabbits and fish, animals displayed different severity
in gas embolism and related lesions even though they were exposed to
the same experimental conditions, proving that individual variability
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plays a fundamental role in decompression sickness, as previously
proposed in animal models and human diving medicine.
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Resumen extendido

6.1. ANTECENDENTES Y OBJETIVOS

La enfermedad descompresiva (EDC) es un sindrome producido
cuando la presion parcial de los gases disueltos en el organismo supera
la presién ambiental, provocando la formacién de burbujas de gas en
circulacion y tejidos (Vann et al., 2011). Estas pueden provocar
alteraciones mecanicas, embolicas y bioquimicas/inflamatorias (es decir,
estrés o dafio celular). En humanos, los principales signos clinicos
graves son trastornos neuroldgicos, pulmonares, sistémicos y de oido
interno (Lemaitre, 2009). Sujetos sometidos al mismo perfil de
inmersion pueden mostrar un patron muy diferente de formacion de
burbujas de gas (Nishi, 1993), siendo la variabilidad un factor a tener en
cuenta en este sindrome.

La EDC se ha estudiado tradicionalmente en humanos (Francis,
2002; Vann et al., 2011), pero se ha descrito recientemente en especies
marinas, como las tortugas marinas (Garcia-Parraga et al., 2014) y los
cetdceos (Jepson et al., 2003; Fernandez et al., 2005). Estos se
presuponian estar protegidos frente a EDC gracias a sus adaptaciones al
buceo (Piantadosi y Thalmann, 2004). Sin embargo, una patologia
compatible con EDC fue descrita por primera vez en un varamiento
masivo de zifios coincidente en tiempo y espacio con el uso de sonar en
maniobras navales (Jepson et al., 2003; Fernandez et al., 2005). Desde
entonces, se ha diagnosticado enfermedad compatible con EDC en
cetdceos en varios zifios varados asociados a ejercicios navales, pero
también en calderones grises en interaccion con sus presas (Arbelo et al.,
2008; Bernaldo de Quirds et al., 2011; Fernandez et al., 2012; Bernaldo
de Quiros et al., 2019). Independientemente de la literatura reciente, la
controversia en la comunidad cientifica sobre si las adaptaciones al
buceo previenen la aparicion de enfermedad compatible con EDC en
cetaceos sigue en debate. Por ello, es necesario investigar y aportar mas
evidencias de esta patologia en este grupo de animales marinos. A
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diferencia de los humanos y las tortugas marinas, en los que el
diagnostico y estudio de la EDC es clinico, este sindrome en cetaceos
s0lo puede ser estudiado en animales varados mediante estudios
patologicos postmortem. En medicina humana, los modelos
experimentales de EDC se han utilizado tradicionalmente en pequefios
mamiferos como conejos, ratas y ratones, centrandose en la prevencion y
potenciales tratamientos. A pesar de la extensa literatura sobre modelos
experimentales de EDC, pocos han profundizado en los aspectos
patolégicos, siendo necesario un estudio patolégico completo vy
actualizado para reforzar el diagnostico patolégico de enfermedad
compatible con EDC.

El uso tradicional de pequefios mamiferos en EDC experimental
podria ser reemplazado por un modelo alternativo de peces. Esto se
postuld debido a las similitudes en la formacion de burbujas de gas
intravasculares y extravasculares de la enfermedad de las burbujas de
gas (EBG) en peces y la EDC en mamiferos (D'Aoust y Smith, 1974;
Machado et al., 1987). La EBG es una patologia ampliamente descritaen
peces que habitan grandes presas, donde masas de agua caen de un
embalse a otro, provocando el atrapamiento y disolucion de gases
atmosféricos debido a la presion hidrostatica (Bouck et al., 1976;
Weitkamp y Katz, 1980). Por tanto, esta agua pasa a estar sobresaturada
de gases disueltos y es responsable de una gran mortandad de peces en
las presas. El desarrollo de un embolismo gaseoso y lesiones asociadas
descritos en la EBG son muy similares a las observadas en la
descompresion experimental y natural (Speare, 1998).

Teniendo en cuenta las similitudes patolégicas entre EBG y EDC
y aplicando el principio de reemplazo descrito en la Directiva
2010/63/UE del Parlamento Europeo que establece la necesidad de
utilizar animales con menor capacidad de sentir dolor, sufrimiento o
dafo prolongado, podria utilizarse un modelo de embolismo gaseoso en
peces como base para explorar la fisiopatologia de la EDC. Este modelo
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podria ser util para el estudio de las lesiones patoldgicas asociadas a las
burbujas de gas y para el estudio de las alteraciones
bioquimicas/inflamatorias causadas por éstas en vasos sanguineos y
tejidos.

La presente investigacion se ha desarrollado para ampliar el
conocimiento sobre la patologia y las alteraciones celulares asociadas a
las lesiones por burbujas de gas. Los objetivos principales fueron:

1. Caracterizar la patologiaasociada a la EDC en un modelo animal bien
establecido, el conejo blanco neozelandés, y comparar estos resultados
con los descritos en cetaceos que presentan una patologia compatible
con EDC.

2. Inducir de manera rigurosa y reproducible la enfermedad de las
burbujas de gas severa en peces.

3. Evaluar y validar el modelo de pez de enfermedad de las burbujas de
gas severa para estudiar las lesiones por burbujas de gas y sus efectos a
nivel celular en EDC.

6.2. RESUMEN DE LAS PUBLICACIONES
CIENTIFICAS

6.2.1. PUBLICACION I: Patologia descompresiva en
cetaceos basada en un modelo patologico
experimental.

Teniendo en cuenta los antecedentes explicados en el apartado
anterior, el objetivo de esta publicacion es validar los resultados
patologicos observados en cetaceos mediante un modelo experimental en
conejos sometidos a EDC severa.
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Para este estudio se disefiaron dos grupos experimentales con un
total de 18 conejos, divididos en 14 conejos sometidos a un protocolo de
compresion/descompresion (grupo C/D) y 4 conejos controles (grupo
control). Los animales se mantuvieron anestesiados durante ambos
protocolos. El grupo C/D se comprimid en camara hiperbarica a 8ATA
durante 45 min seguido de una descompresion rapida. Se obtuvieron dos
subgrupos: conejos que murieron tras descompresion (grupo C/D
muertos) y aquellos supervivientes, eutanasiados tras 1h (grupo C/D
eutanasiados). Los animales control fueron eutanasiados tras permanecer
en la camara hiperbarica sin presion. Las necropsias se realizaron
primero evaluando el gas score, un método de puntuacion del 0-6 para
gas distintas localizaciones intravasculares y 0-3 para gas extravascular
(Bernaldo de Quirds et al., 2016). Para los estudios estadisticos
pertinentes, se utiliz6 la moda para cada localizacion elegida.
Paralelamente se realizd el examen macroscopico y microscopico. Los
resultados patologicos experimentales en conejos fueron comparados
con 31 cetdceos diagnosticados previamente con patologia
descompresiva (Fernandez et al., 2005; Arbelo et al., 2008; Bernaldo de
Quirds et al., 2011; Fernandez et al., 2012; Fernandez et al., 2017,
Bernaldo de Quirds et al., 2019).

Los animales control y C/D eutanasiados presentaron una moda
de gas score 0 y el grupo C/D muertos modas de gas score de 5y 6 en
todas las localizaciones, con abundante nimero de burbujas o secciones
de vasos completamente llenas de gas. El grupo C/D muertos presento
burbujas de gas macroscOpicas y microscopicas distribuidas
principalmente en vasos sanguineos de pulmén, rifion y corazon.
Microscopicamente estas burbujas de gas se observaban como espacios
circulares a ovalados no tefiidos entre las células sanguineas (Fig. 34).
Estos hallazgos también han sido descritos en modelos animales de EDC
(Eggleton et al., 1945; Lever et al., 1966; Shim et al., 1967; L’ Abbate et
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al., 2010; Geng et al., 2015) y en cetaceos (Fig. 34) (Fernandez et al.,
2005; Arbelo et al., 2008; Fernandez et al., 2017).

Figura 34. Comparativa de hallazgos patoldgicos entre conejoscon EDC experimental (A, C, E)
y cetaceos con diagnéstico compatible con EDC (B, D, F). Se observa principalmente burbujas
de gas macroscoépicas (flechas y asterisco blancos) y microscépicas (asteriscos negros) en
estructuras vasculares de diferentes drganos como pulmon, corazdn o mesenterio; asi como
enfisema pulmonar macroscdpico y microscdpico junto con hemorragias microscopicas en
espacio subaracnoideo y corazon (flechas negras).

El grupo control solo presentd congestion generalizada. El
organo mas afectado en el modelo C/D fue el pulmdn, describiéndose
hallazgos similares en modelos de EDC (Geng et al., 2015; Ni et al.,
2011; Tang et al., 2020; Zhang et al., 2016) y en cetaceos (Fernandez et
al., 2005; Fernandez et al., 2017). Ademés de enfisema pulmonar, se
observo enfisema en bazo con mayor severidad en C/D muertos que en
C/D eutanasiados, lesion descrita también por Clay (1963) en perros. Se
observé enfisema multifocal leve de tejido adiposo en la mayoria de los
conejos del grupo C/D muertos, concordando con cetaceos (Fernandez et
al., 2005; Fernandez et al., 2017). Teniendo en cuenta que el nitrégeno
es mas soluble en tejidos grasos (Shim et al., 1967), este hallazgo debe
tenerse en cuenta en el diagnostico de la EDC.
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Las burbujas de gas pueden provocar vasoconstriccion,
generando isquemia, edema y hemorragias en 6rganos diana como el
pulmén (Saukko and Knight, 2004). En este estudio, se observaron
hemorragias pulmonares severas en el grupo C/D muertos, en
concordancia con modelos animales (Geng et al., 2015; Ni et al., 2011;
Bao et al., 2015) y cetaceos (Ferndndez et al., 2005; Ferndndez et al.,
2017). En zifios diagnosticados con enfermedad compatible con EDC se
describié la presencia de hemorragias agudas diseminadas en el sistema
nervioso central (Fernandez et al., 2005), hallazgos también presentes en
este estudio. Se observo edema pulmonar intersticial y alveolar en
ambos grupos C/D, similar a otros modelos (Geng et al., 2015; Tang et
al., 2020) y cetaceos (Fernandez et al., 2012), siendo en estos estudios
una de las lesiones mas frecuentes junto con enfisema, a diferencia del
presente estudio.

Los cambios musculares agudos se asocian a situaciones de
estrés (Camara et al., 2019). En este estudio, los cambios musculares
observados fueron poco relevantes probablemente debido a la anestesia,
a diferencia de lo que se observaria en cetaceos debido al estrés
descompresivo. Es comdn que se observen microtrombos de fibrina en
modelos de EDC (Tanoue et al., 1987; Geng et al., 2015), aunque en este
estudio no se observaron y en cetaceos tampoco se ha relacionado su
presencia. En este estudio se observd que individuos sometidos al mismo
protocoloy perfiles similares pueden tener una formacién de burbujas de
gas variable, hecho previamente descrito (Shim et al., 1967; L’ Abbate et
al., 2010).

En conclusion, los conejos muertos tras descompresion
presentaban mayor abundancia de burbujas de gas sistémicas, enfisemay
hemorragias en drganos vitales. Las mismas lesiones han sido
observadas en cetaceos con enfermedad compatible con EDC,
reforzando los hallazgos patolégicos. La mitad de los conejos que
sobrevivieron no mostraron las mismas lesiones o severidad, revelando
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que la variabilidad individual juega un papel esencial en esta
enfermedad, tal y como se ha hipotetizado en otros modelos animales y
medicina humana del buceo.

6.2.2. PUBLICACION II: Establecimiento de un modelo
en peces para estudiar las lesiones por burbujas de
gas.

Resumiendo lo descrito anteriormente, los peces pueden sufrir de
EBG, una enfermedad caracterizada por la formacion de burbujas de gas
sistémicas similares a las de EDC. Los signos clinicos mas frecuentes
asociados a EBG son pérdida de flotabilidad, natacion erréatica, asi como
burbujas de gas en ojos y aletas (Cao et al., 2020). Los estudios de EBG
se han centrado principalmente en la supervivencia de especies en estas
aguas (Stevenset al., 1980; Geist et al., 2013; Wang et al., 2015), siendo
postulado por algunos autores un modelo in vivo de EBG para estudiar
el embolismo gaseoso de la EDC, desde la perspectiva de la
fisiopatologia endotelial desencadenada por la presencia de estas
burbujas de gas, comin a ambas enfermedades (D’Aoust and Smith,
1974; Speare, 1998; Roberts, 2012). Dadas las similitudes presentadas y
teniendo en cuenta el principio de reemplazo (Directiva 2010/63/UE del
Parlamento Europeo), el objetivo de este estudio es obtener un modelo
reproducible de EBG severa en peces para estudiar las lesiones asociadas
a las burbujas de gas, similares a EDC.

Para ello, se disefi6 en primer lugar un sistema para generar agua
sobresaturada siguiendo el esquema de Bouck et al. (1976). Se adquirio
un circuito (Fig. 35) conformado por una vasija de presion (5), que se
rellenaba con agua corriente (15) y a la que se le inyectaba aire sintético
de botella (4, 10). El agua sobresaturada se conseguia mediante
recirculacion constante (2) junto con el paso del gas inyectado por
materiales porosos de diametro fino (3) dispuestos dentro del circuito,
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que forzaban su disolucion en el agua. Esto provocaba un aumento del
total de gases disueltos (TGD), que se media de forma constante
mediante un sensor de TGD (6*). La mayoria de los estudios
experimentales previos describian valores estables de TGD mientras se
recirculaba el agua con un tanque abierto (Huang et al., 2010). Sin
embargo, no pudimos recircular el agua en estas condiciones por las
diferencias de presion entre el acuario abierto y el circuito, por lo que el
agua se mantuvo estanca, observando pérdida de TGD casi inmediata.
Debido a esto, se decidié modificar el circuito acoplando un acuario
presurizable (7) (Fig. 35). Este nuevo sistema permitia la recirculacion
de agua sobresaturada por todo el circuito (incluido acuario presurizable)
y el mantenimiento constante del TGD. Con este disefio, se realizaron
pruebas piloto sin peces para ajustar pardmetros, variando la cantidad de
aire sintético inyectado y el tiempo de recirculacion, con el objetivo de
mantener un TGD superior a 1140 mmHg (saturacion de 150%) durante
todo el experimento.

W 1 ' Figura 35. Circuito con vasija de presion y
u 3 f acuario presurizable. (1) Recipiente abierto
(2) Motobomba (3) Tubo de disolucion (4)
Valvula de inyeccion de aire sintético (5)
Vasija de presion (6) TDG y sensor de
temperatura (6*) TDG y sensor de
temperatura dentro del circuito abierto (7)
Acuario presurizado (10) Botella de aire
sintético (15) Entrada de agua corriente.

Las pruebas piloto se realizaron con 10 carpas adultas, previa
aclimatacion. Los experimentos se realizaron por parejas, comenzando
con 3h de exposicion. Los valores de saturacion de TGD se establecieron
aproximadamente en 170%. Si no se observaban burbujas de gas
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masivas, se duplicaba el tiempo de exposicion. Se establecié un punto
final humanitario cuando los peces mostraran pérdida de flotabilidad,
natacion erratica y letargia. Se colocaron dos controles en el acuario
presurizable sin recirculacion de agua durante 18h. Durante toda la
duracion del experimento, se monitorizé a los peces observando su
comportamiento, frecuencia de nado, latidos operculares y presencia de
lesiones externas. Al finalizar, los peces se eutanasiaron y se realiz0 el
examen macroscopico y microscopico.

El primer disefio con acuario abierto mostrd una disminucién de
la saturacion de TGD de 150 a 125% en 6h. Al introducir un acuario
presurizado con circuito cerrado en recirculacion constante, se produjo
saturacion de TGD mantenido de entre 160-180%. La fluctuacion de
TGD durante el experimento se dividié en 4 etapas. La primera, de
caracter ascendente, debido a la produccion de agua sobresaturada; la
segunda de valor maximo de TGD Yy su estabilizacidn; la tercera del leve
descenso por la introduccion de peces y rapida recuperacion a niveles
anteriores; y, por Gltimo, la cuarta de mantenimiento del TGD. Los
grupos de 3h, 6h y 12h presentaron EBG, pero no masivo. El grupo de
18h se planifico inicialmente en 24h, pero ambos peces alcanzaron el
punto final humanitario a las 18h, mostrando pérdida de flotabilidad y
letargo. Los valores medios de saturacion de TGD para el grupo de 18h
fueron de 162-163% (Fig. 36).
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Figura 36. Valores de TGD desde la introduccion de peces hasta el fin del tiempo experimental.
F1-F2 corresponden al grupo de 3 h, F3-F4 al de 6 h, F5-F6 al de 12 hy F7-F8 al de 18 h.

Ambos peces del grupo de 18h presentaron signos clinicos
similares al ser introducidos en el acuario presurizado. Agitacion
intensa, tres veces mas frecuencia opercular que los peces control e
intensa frecuencia de nado, dos veces més rapido que los controles.
Entre 5-10 min tras la introduccion, se paralizaron en el fondo del
acuario. Después recuperaron lentamente la velocidad de nado y la
frecuencia opercular habitual. Se visualizaron pequefias burbujas de gas
en las aletas laterales y anal después de 30 min de exposicion,
alcanzando éstas un mayor tamafio entre 1-2h de exposicion. Entre las 6-
12h del experimento, se registraron numerosas burbujas de gas en todas
las aletas. En el dltimo intervalo (12-18h), los peces presentaron pérdida
de escamas. De 17-18h de exposicion, los peces volvieron al fondo del
acuario presurizado, con movimientos erraticos, pérdida de flotabilidady
rigidez de las aletas con hemorragias severas, congestion y burbujas de
gas, siendo muy evidente estos signos clinicos a las 18h. Los peces
fueron eutanasiados en este punto, siguiendo el punto final humanitario
preestablecido.

En el examen externo, todas las aletas presentaban enfisema
severo, hemorragias multifocales y burbujas de gas dentro de los vasos
sanguineos. Los peces presentaban pérdida de escamas con enfisema
subcuténeo y las branquias congestion severa. Internamente, se observo
la presencia de abundantes burbujas de gas en el corazon, aorta ventral,
venas cardinales posteriores, venas gonadales, vena de la vejiga natatoria
y venas intercostales. Ademas, se observd congestion generalizada
severa de organos, principalmente de higado, rifion y bazo, y moderada
de grasa visceral. Microscopicamente, se observaron grandes
dilataciones no tefiidas compatibles con enfisema en las aletas junto con
hemorragias multifocales moderadasy algunos espacios vacios ovalados
intravasculares en forma de burbujas entre las células sanguineas. Las
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branquias presentaban areas congestivas severas con grandes burbujas de
gas en capilares sanguineos. En el bazo y el rifibn posterior se
observaron burbujas de gas, mostrando este Gltimo algunas zonas
hemorragicas entre los tabulos renales. La rete mirabile de la vejiga
natatoria, el higado, las estructuras ocularesy el sistemanervioso central
mostraban un aspecto congestivo moderado. Las mismas estructuras
circulares se observaron dentro de estructuras vasculares de higado,
tracto digestivo, 0jos, sistema nervioso central, branquias y ventriculo
del corazon.

La patologiade EBG descritaen la literatura consiste en burbujas
de gas y hemorragias en las aletas (Cao et al., 2015), congestion y
hemorragias branquiales, exoftalmia (Xue et al., 2019), lesiones
microscopicas como burbujas de gas en vasos sanguineos, hemorragias y
congestion en diferentes tejidos (Pauley and Nakatani, 1967),
coincidiendo los hallazgos con los observados en este estudio. En
general, estos hallazgos patoldgicos también coinciden con los de la
EDC, tanto los descritos en pequefios mamiferos con EDC explosiva
experimental (Geng et al., 2015; Zhang et al., 2016; Velazquez-Wallraf
et al., 2021), como los de EDC natural (Fernandez et al., 2005; Garcia-
Parraga et al., 2014; Edmonds, 2015), validando la traslacion de este
modelo desde el punto de vista patoldgico.

En conclusion, se reprodujo una EBG masiva con severa
presencia de burbujas de gas intravasculares y extravasculares similares
a las de EDC. El diagnostico clinico se confirmé mediante un estudio
patoldgico. Este representa el primer establecimiento de un modelo de
pez como alternativa a mamiferos para el estudio de las burbujas de gas
producidas en EDC en humanos y otras especies afectadas, y podria ser
un modelo util para profundizar en la fisiopatologia de las burbujas de
gas en los tejidos. La principal limitacion de este modelo es que no
podria aplicarse a estudios del origen y formacion de las burbujas en la
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EDC ya que, aunque el embolismo gaseoso causado sea similar en
ambas enfermedades, sus causas son diferentes.

6.2.3. PUBLICACION I11: Biomarcadores relacionados
con embolismo gaseoso: gas score, patologia y
expresion génica en un modelo de enfermedad de las
burbujas de gas.

El embolismo gaseoso genera respuestas fisiopatoldgicas,
particularmente en las células endoteliales (Zhang et al., 2016), la
primera linea celular en entrar en contacto con las burbujas de gas
intravasculares, siendo la disfuncion o dafio endotelial correlacionado
positivamente con la presencia de éstas (Obad et al., 2007). Ademas,
estas burbujas provocan una interfaz sangre-burbuja circulante (Kitano
et al., 1978), que activa moléculas como la molécula de adhesion
intercelular 1 (ICAM-1), expresada por las células endoteliales para
favorecer la migracion de leucocitos a través del endotelio hacia el tejido
inflamado (Yang et al., 2005). Las células endoteliales también generan
biomarcadores de estrés endotelial, como la familia de proteinas de
estrés térmico (HSP) (Zhang et al., 2016). Las células endoteliales son
una fuente de sustancias vasoactivas, como el éxido nitroso (ON), una
molécula vasodilatadora que en condiciones de dafio endotelial ve
disminuida su produccion provocando un aumento relativo de su
antagonista, la endotelina 1 (ET-1). Los biomarcadores expresados
representan un objetivo importante para seguir investigando el
embolismo gaseoso (Fismen et al., 2012). En este estudio, probamos la
hipétesis de que la EBG en peces induce respuestas vasculares y
celulares similares a otras embolias gaseosas, como la EDC en
mamiferos, y reforzamos su utilizacion como modelo experimental
alternativo.
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Para este estudio se utilizaron 20 carpas que, previamente
aclimatadas, se dividieron en dos grupos: un grupo control de 10
animales y un grupo EBG con otros 10 animales. Los peces del grupo
EBG fueron introducidos individualmente durante 18 horas en un
acuario presurizado con agua sobresaturada producida siguiendo nuestra
publicacién anterior (Veldzquez-Wallraf et al., 2022), con valores de
saturacion de TGD de 169+5%. Los peces del grupo control se
introdujeron 18 horas en el acuario presurizable, sin presion ejercida 'y
con agua sin sobresaturar. Durante la exposicién, se monitorizd el
comportamiento y los signos clinicos, de acuerdo con lo descrito en
nuestra publicacion anterior (Velazquez-Wallraf et al., 2022).

Después de 18 horas, todos los peces fueron eutanasiados. La
necropsia se realizd comenzando con el examen externo y la aplicacion
del método del gas score de Bernaldo de Quirds et al. (2016) adaptado a
peces. Las localizaciones intravasculares elegidas fueron venas de aleta,
opérculo, subcutaneas craneales y caudales, de vejiga natatoria y
cardinales posteriores, asi como aorta ventral y dorsal, calificadas de 0 a
6. Las localizaciones extravasculares fueron puntuadas de 0 a 3, siendo
valorado el enfisema en grasa visceral y en aletas. El gas score total de
cada pez se calculo con la sumatoria de todas las localizaciones. Al
mismo tiempo, se realizd el estudio macroscopico y microscopico,
recolectando muestras de todos los 6rganos. Ademas de realizar la
tincion rutinaria con hematoxilina-eosina, las muestras se pretrataron con
acido cromico para preservar la grasa'y poder confirmar que los espacios
no tefiidos eran burbujas de gas y no grasa.

Del total de 10 peces dentro de cada grupo, 6 fueron utilizados
para el estudio de biomarcadores, almacenando en RNA-later muestras
de rifidén posterior, branquias, corazén y aorta ventral. Los genes
seleccionados fueron HSP70, HSP90, E-1 e ICAM-1, estudiados
mediante PCR cuantitativa en tiempo real (RT-gPCR) y por triplicado.
Se llevaron a cabo analisis estadisticos de los resultados para evaluar la
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diferencia de expresion génica entre grupo control y grupo EBG.
Ademas, se realiz6 una correlacion entre el gas score total y la expresion
de genes con diferencias significativas o con tendencia positiva del
grupo EBG. También se calculo el poder estadistico de cada resultado.

Durante el tratamiento, todos los peces del grupo EBG mostraron
signos clinicos consistentes con EBG severa, como el aumento de la
frecuencia opercular y natatoria junto con la presencia de burbujas de
gas en las aletas. La presencia y el tamafio de estas burbujas de gas
aument6 a medida que discurrian las horas experimentales. En las dos
Gltimas horas experimentales, los peces aparecieron con movimientos
erraticos, pérdida de flotabilidad junto con hemorragias graves y
burbujas de gas en las aletas. En cuanto al gas score, el grupo EBG
presentd cuatro localizaciones intravasculares con moda de gas score 5,
dos de grado 4 y dos de grado 3. Las localizaciones extravasculares
presentaron ambas modas de gas score 2, mientras que en el grupo
control todas las puntuaciones fueron 0 (Fig. 37). Externamente, como
hallazgos mas relevantes, se observd enfisema subcutaneo, enfisema y
hemorragia de aletas, asi como hemorragias branquiales. Internamente,
hiperinflacién de vejiga natatoria, distension por gas del bulbo arterioso
y congestion multiorganica fueron los hallazgos mas frecuentes.

8D 10 EE—
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Figura 37. Puntuaciones de gas score obtenidas en las localizaciones intravasculares (0-6
puntos) y extravasculares (0-3) de cada pez del grupo EBG. También se muestra la puntuacion
total de gas score de cada pez.
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MicroscOpicamente, se observd la congestién multiorganica, asi
como enfisema y hemorragias en aletas, hemorragias y fusion de
laminillas secundarias en branquias, dilatacion de vasos sanguineos y de
tubulos renales del rifién posterior. Ademas, se visualizaron burbujas de
gas abundantes en vasos sanguineos de estos tres tejidos. En venas
coronarias, de bazo, gonadas e higado también se pudieron apreciar en
menor medida estas estructuras, que no se tifieron ni con H&E ni con Oil
Red, confirmando que eran émbolos gaseosos y no grasos. En cuanto a
los biomarcadores, HSP70 y HSP90 en branquias y corazdn, asi como
HSP70 en rifidn posterior y aorta ventral mostraron un aumento de
expresion estadisticamente significativo en comparacion con el grupo
control. La ET-1 en el rifién posterior y aorta ventral, HSP90 en el rifion
posterior y la ICAM-1 en las branquias presentaban una tendencia a
incrementar su expresion, sin significancia estadistica. Al correlacionar
los marcadores con significanciaestadistica o tendencia a ésta con el gas
score total, se observo que HSP70 en branquias tenia una correlacion
estadisticamente significativa. El estudio de poder estadistico determind
que los resultados de expresion de HSP70 en los cuatro tejidos, asi como
su correlacion en branguias con el gas score total tenian un alto poder
estadistico (>90%).

Los hallazgos patoldgicos de este estudio (Fig. 38) coinciden con
estudios previos de este modelo (Velazquez-Wallraf et al., 2022) y otros
estudios de EBG en peces (Pauley y Nakatani, 1967; Smith, 1988; Cao
et al., 2015; Deng et al., 2020; Ji et al., 2021). Todos los animales EBG
tenian gas score relativamentealto, aunque con cierta variabilidad. Se ha
postulado que la variabilidad individual desempefia un papel
determinante en las enfermedades que producen embolismo gaseoso
(Shim et al., 1967; L'Abbate et al., 2010). La presencia de abundantes
burbujas de gas vasculares sistémicamente distribuidas también se ha
notificado en modelos experimentales de EDC (Eggleton et al., 1945;
Lever etal., 1966; Tanoue et al., 1987; Arieli etal., 2009; L'abbate et al.,
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2010; Zhang et al., 2016; Tang et al., 2020), y en EDC no experimental
en humanos (Caruso, 2003; Francis y Mitchell, 2003), cetaceos
(Fernandez et al., 2005; Bernaldo de Quirds et al., 2019) y tortugas
marinas (Garcia-Parraga et al., 2014). El gas score se ha utilizado como
herramienta diagndstica de embolia gaseosa (Bernaldo de Quirds et al.,
2016a; Ferndndez et al., 2017; Veldzquez-Wallraf et al., 2021),
mostrando los animales afectados puntuaciones totales de gas elevadas,
en concordancia con el presente estudio.

Figura 38. Hallazgos macroscoépicos (izquierda; i) y microscépicos (derecha; d) en peces con
EBG. Presencia de burbujas de gas en vasos sanguineos como venas subcutaneas (i.D, i.E), aorta
ventral (i.C, d.D), venas cardinales posteriores (i.B), vena de la vejiga natatoria (i.F), venas de la
base de la holobranquia (d.E) o venas del rifién posterior (d.B, d.C). También se aprecia
enfisema en aletas (i.A), fusion de laminillas secundarias en branquias (d.A).

Las burbujas de gas intravascular circulante desencadenan la
activacion del endotelio vascular, ampliamente descrito en enfermedades
como EDC (Lambrechts et al., 2015; Wang et al., 2015). Esto genera
una respuesta de estrés, provocando la puesta en escena de diferentes
biomarcadores (Huang et al., 2003). Las HSPs son un mecanismo de
defensa frente a estrés, especialmente térmico, oxidativo e hipdxico
(Lindquist y Craig, 1988). La HSP70 mostr6 un patron de aumento
estadisticamente significativo de expresion en los cuatro tejidos
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estudiados del grupo EBG. Estos resultados concuerdan con estudios
previos de expresion de HSP70 en pulmon, higado y corazon de conejos
(Su et al., 2004), y en pulmones de ratas (Huang et al., 2003). La
expresion de HSP70 en los tejidos ha sido postulada por varios estudios
como un biomarcador de estrés (Matsuo et al., 2000; Domoto et al.,
2016; Szyller et al., 2022). Por su parte, la HSP90 mostr6 un aumento
estadisticamente significativo en branquias y corazén. La expresion de
HSP90 tras estrés descompresivo no se ha visto significativamente
aumentada, probablemente debido a que es constitutiva y sus niveles
basales suelen permanecer elevados (Djurhuus et al., 2010; Fismen et al.,
2012). En este estudio, este aumento podria explicarse por la severidad
del embolismo gaseoso. Zhang et al. (2016) sugirieron que los elevados
niveles de ET-1 en suero sanguineo despues de un estrés descompresivo
podria ser una evidencia del estrés endotelial en la EDC. La ET-1 es el
factor wvasoconstrictor méas potente conocido, siendo las células
endoteliales su principal productor, aunque también otras como las
células tubulares del rifién (De Miguel et al., 2016). En nuestro estudio,
la ET-1 tuvo tendencia a aumentar su expresionen el rifién posterior y la
aorta ventral de los peces con EBG, pero sin significancia estadistica.
Nuestros resultados podrian ser utilizados como premisas para probar si
la ET-1 se eleva en suero sanguineo y si este marcador fuera el mejor
para inducir dafio endotelial en embolismo gaseoso como sugieren
Zhang et al. (2016).

La correlacion de HSP70 en branquias con el gas score
demuestra que el dafio fue producido por las propias burbujas de gas.
Las correlaciones restantes sin significancia podrian deberse a las
limitaciones del estudio: pequefio tamafio muestral, naturaleza
semicuantitativadel gas score y escasa variabilidad en gas score total. A
pesar de ello, pudimos obtener un poder estadisticoalto en los resultados
de expresion de HSP70 en los 4 tejidos estudiados, asi como de su
correlacion en branquias con el gas score total y resultados prometedores

177



Comparative study of gas-bubble lesions using experimental models

en el caso de la correlacion de gas score con expresion de HSP70 en
corazon y ET-1 en rifién posterior donde probablemente, con un tamafio
muestral mas amplio, los resultados hubiesen sido estadisticamente
significativos tal y como muestra el estudio del poder estadistico. La
limitacion del tamafio muestral también es aplicable a la expresion de
biomarcadores que, presentando tendencia al aumento de su expresion,
no fueron estadisticamente significativos. EI poder estadistico de estos
biomarcadores indic6 que la significancia estadistica podria haberse
alcanzado si se hubiese utilizado un tamafio muestral mayor. Ademas,
para las muestras que no mostraron tendencia el efecto del tamafo
muestral obtenido en el analisis de poder estadistico fue muy bajo,
debiendo utilizar un nimero excesivo de animales para haber logrado
tener significanciaestadistica, o que sugiere que en estos marcadores no
hay diferencia entre el grupo control y el grupo EBG. Este modelo de
EBG podria ser un buen modelo para estudiar experimentalmente la
embolia gaseosa y sus efectos de forma similar a otros animales
tradicionales de laboratorio, siguiendo el principio de reemplazo de las
3Rs.

En conclusion, los peces con embolia gaseosa grave mostraron
un aumento de HSPs, principalmente HSP70, y una correlacion positiva
con gas score de esta en branquias. Nuestros resultados confirmaron que
la HSP70 es un marcador fuerte de embolia gaseosa como se ha
demostrado previamente, validando este modelo para el estudio de la
embolia gaseosa y sus efectos. Estos resultados validaron el modelo
EBG para profundizar en el estudio de las vias fisiopatoldgicas de la
embolia gaseosa, con la posibilidad de extrapolar los resultados a otras
especies susceptibles.
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6.3. CONCLUSIONES

1. Los hallazgos patologicos predominantes en conejos
experimentales expuestos a un tratamiento severo de compresion y
descompresion fueron embolismo gaseoso distribuido sistémicamente,
enfisema y hemorragias en multiples érganos vitales. Estas lesiones son
similares a las descritas previamente en cetdceos con patologia
descompresiva, proporcionando mas evidencias de esta patologia y
reforzando su diagndstico en este grupo de animales.

2. Se reprodujo un modelo de enfermedad masiva y severa por
burbujas de gas colocando a los peces en agua con 162-163% de
saturacion de gases totales disueltos durante 18 horas.

3. La presencia severa de burbujas de gas intravasculares y
extravasculares generadas en el modelo de peces y las lesiones
patologicas asociadas como hemorragias multiorganicas estan
estrechamente relacionadas con las observadas en modelos
experimentales de enfermedad descompresiva explosiva.

4. El embolismo gaseoso generado en el modelo experimental en
peces modifica la expresion de diferentes marcadores de estrés o dafio
celular, siendo la HSP70 un potente marcador de este proceso.

5. El método del “gas score” se aplico por primera vez en peces,
y se confirm6 como una herramienta util, facil y de bajo coste para
examenes postmortem de la presencia, distribucién y abundancia de
burbujas de gas intravasculares y extravasculares también en peces.

6. Los resultados experimentales de peces con EBG validan el
uso de este modelo animal para el estudio de lesiones por burbujas de
gas siendo una alternativa al uso tradicional de pequefios mamiferos
aplicando el principio de reemplazo de las 3R's de la investigacion.
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7. En ambas especies, conejos y peces, los animales mostraron
diferente severidad de embolismo gaseoso y lesiones relacionadas a
pesar de haber sido expuestos a las mismas condiciones experimentales,
demostrando que la variabilidad individual juega un papel fundamental
en la enfermedad descompresiva, como se ha propuesto previamente en
modelos animales y en la medicina del buceo humano.
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FE DE ERRATAS DE TESIS DOCTORAL

“Comparative Study of Gas-Bubble Lesions Using Experimental Models”, por Alicia Sofia
Velazquez Wallraf

Objetivo de la fe de errata:

Corregir los valores calculados de porcentaje de saturacion de gases totales disueltos para los
peces que se metieron en el acuario presurizado.

Consideraciones:

1. Los valores absolutos en milimetros de mercurio (mm Hg) de gases totales disueltos, fueron
obtenidos directamente del sensor, por lo que son correctos a lo largo del texto y figuras de
la presente tesis.

2. El porcentaje de saturacion de gases totales disueltos es una medida relativa. Expresa el
porcentaje de saturacién, es decir en cudnto supera, la suma de las presiones parciales de
los gases a la presién ambiental. EI 100% de saturacidn se obtiene cuando la suma de las
presiones parciales iguala la presién ambiental. Si la presidn ambiental aumenta, el nimero
de milimetros de mercurio de gases totales disueltos requeridos para obtener el 100% de
saturacion, aumenta también de manera proporcional.

3. Para el acuario abierto, todos los valores de porcentaje de saturacién de gases totales
disueltos (a 1 atm) son correctos a lo largo de la presente tesis, al tener una presién
ambiental de 1 atm. Sin embargo, al tener el acuario presurizado una presiéon ambiental de
1.5 atm se produjo el error de calculo a la hora de convertir los valores absolutos de gases
totales disueltos de mm de Hg a porcentaje de saturacion.

4. Este error de calculo, no afecta a ningin de los resultados experimentales de la tesis:
patologia, indice de gas, marcadores de dafio tisular, etc...

5. A continuacion, se rectifican dichos valores:

Pagina | Parrafo | Linea Donde dice Debe de decir

36 3 ) varying between 150% and varying between 101% and
180% 120%

37 1 4 varied between 160% and varied between 107% and
180% 120%

90 1 6 supersaturation between 164- | supersaturation between 110-
174% 116%

155 2 2 in water with 162-163% in water with 108-109%

166 1 15 (saturacion de 150%) (saturacion de 101%)

166 2 4 aproximadamente en 170% aproximadamente en 113%

167 2 4 de entre 160-180% de entre 107-120%

167 2 14 fueron de 162-163% fueron de 108-109%

171 1 7 TGD de 169+5% TGD de 112+5%

177 2 2 agua con 162-163% agua con 108-109%




Esta rectificacion de valores también se traslada a las publicaciones Il y Il de la presente tesis.

Publicacién Il. “Establishment of a fish model to study gas-bubble lesions”

Pagina | Seccion Parrafo | Linea Donde dice Debe de decir
1 | Abstract . 12 | TDG values of 162-163% | |0 Values of 108
109%
5 Resultados ) 4 TDG water of around TDG water of around
160% and 180% 107% and 120%
3 Resultados 3 1 TDG values between 160 | TDG values between
and 180%. 107 and 120%
4 Figura 4 - 2 (180%) (120%)
. TDG of approximately TDG of approximately
4 Figura 4 - 3 150% 101%
4 Resultados 3 6 was of 162% and 163% | was of 108% and 109%
5 | Discusién 1 3 | TDGvalues of 162-163% | DO values of 108-
109%
o . (3 h with TDG 107-
7 Discusion 7 4 (3 h with TDG 160-178%) 119%)
7 Discusion 7 10 162-163% 108-109%
8 Discusion 10 3-4 162 and 163% 108 and 109%
8 Métodos 3 4 Than 150% 101%
8 Métodos 3 6 150% and 180% TDG 101% and 120% TDG
9 Métodos 5 5 The range of 160-180% | The range of 107-120%

Publicacién lll. “Biomarkers related to gas embolism: Gas score, pathology, and gene

expression in a gas bubble disease model”

Pagina | Seccion | Parrafo | Linea Donde dice Debe de decir
water with approximately water with
! Abstract i 8 170% approximately 113%
112 + 5% were
3 Métodos 3 2 169 + 5% were reached oW

reached
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