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Background: Several stuclies have clemonstrated an adverse effect of
bubbles on enclothelial function. The degree of dysfunction appears to
be related to the number of bubbles present. The aim of the stucly was to
determine whether decompression without bubble formalion visible by
ultrasound hacl any effect on arterial endathelial function. Methods: We
decompressed 21 Sprague-Dawley rats weighing 215-260 g from 700
kPa (6.9 ATA) in a dry hyperbaric chamber followed by a 1-h observa-
tion period anc measured aortic endothelial-clepenclent relaxation to
acetylcholine. Later, we determined the specific weight of the brain as a
measure of edema formation and vascular bubbles in the arterial circula-
tion. Results: No bubbles were seen in the pulmonary arteries of seven
rats. We found a significant lower vasoclilatory response to acetylcholine
in the decompressed rats (44% * 14%) compared to the control rats
(58% = 12%) as a sign of endothelial dysfunction, There was no signifi-
cant difference between the two groups in the specific gravity of the
brain. Conclusion: We conclucle that measurable arterial dysfunction in
the aorta can occur even if no visible venous bubble formation is seen.
There are no results in this stucy suggesting that these rats had damaged
blood-brain barriers or brain edema,

Keywords: diving, endothelial function, specific gravity.

T IS GENERALLY assumed that bubbles grow from

preformed bubble nuclei (1.0 p.), since we can detect
vascular bubbles after dives with far lower partial pres-
sure than what is required for de novo bubble formation
from supersaturation alone (1,16). These bubble nuclei
are highly unstable in liquid, but can stay nearly indefi-
nitely on a surface, such as the endothelium. Once a
bubble is stabilized, its size will change according to the
tension of dissolved gas and the bubble gas pressure.
The vascular environment influencing bubble formation
and growth is complex and several biochemical factors
are known to influence bubble formation. Nitric oxide
(NO) has been shown to reduce bubbling while high
blood lipids give more bubble formation by reducing
surface tension (5). The properties of the endothelium
may play a key role in both bubble formation and subse-
quent damage.

Endothelial dysfunction is characterized by deteriora-
tion of endothelial vasodilatory function (34) and nitric
oxide is the key endothelial-derived relaxing factor (31).
Bubbles detected by ultrasound in the pulmonary artery
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have been used as a sign of decompression stress (12). It
has been demonstrated that even a few gas bubbles from
decompression may lead to endothelial damage and
dysfunction in the pulmonary artery both in animals
and man (9,27,28). The damage seems to be related to
the amount of bubbles present, although the clinical sig-
nificance of this damage is still unknown. Bubbles may
also enter the arterial circulation through an intrapul-
monary shunt or through a right-to-left shunt in the
heart in the presence of a persistent foramen ovale. Such
shunts may open after even light exercise. These bubbles
have been related to neurological decompression illness
(14). It has, therefore, been hypothesized that arterializa-
tion of bubbles is one of the main mechanisms leading to
neurological decompression sickness (DCS). Even short
contact between bubbles and the endothelium in the
brain’s vascular system can lead to a break in the blood-
brain barrier (3). Hjelde et al. have shown in decom-
pressed rats that even a low bubble score in the
pulmonary artery may result in brain edema and gas
bubble retention when measured with a specific weight
1 h after surfacing (21). A recent study in man indicated
that arterial endothelial dysfunction may be present
even if few pulmonary artery bubbles were present and
no left ventricular bubbles or large patent foramen ovale
were seen (6). The bubbles in that study were detected
using an ultrasonic frequency of 2 MHz and it is possible
that small bubbles might have been missed. The aim of
the present study is to see whether we can detect dam-
age in the arterial system even if there are no detectable
bubbles using an ultrasonic frequency of 10 MHz. We
also wanted to investigate whether we could find any
break in the blood-brain barrier in rats with no detectable
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bubble formation and relate it to possible endothelial
damage in the arterial circulation.

METHODS

A total of 21 adult female rats (Sprague-Dawley,
215-280 g, Mellegaard, Denmark) were used in the
study. The rats were acclimatized for a minimum of 4 d
before the start of the experiments, as described below,
and were randomized into two groups. Group I con-
tained 7 control rats weighing 255.7 % 16.2 g, and Group
11 consisted of 14 decompressed rats weighing 248.6 *
18.4 g. Light was controlled on a 12-h dark/12-h light
cycle. Temperature was 21.5 * 1.5°C and humidity 55.6 *
4.0%. The rats were maintained 3 to 6 per cage and fed a
pellet rodent diet ad libitum and had free access to wa-
ter. No signs of illness were detected during the study
period. The study was performed in accordance with
the Norwegian State Commission for Animal Experi-
mentation and approved by the Norwegian Committee
for Animal Expetiments.

Decompression Model and Anesthesia

Rats from Group II were placed in a dry hyperbaric
chamber (Sira Engineering, Trondheim, Norway). The
pressure was increased by 200 kPa - min™" up to 700 kPa
(6.9 ATA) and the rats maintained for 45 min at 700
kPa breathing air. The rats were then decompressed at a
rate of 50 kPa - min~" to the surface (100 kPa). This de-
compression protocol has been shown to produce few
bubbles in rats weighing less then 300 g (37). Immedi-
ately after reaching the surface the rats were anesthetized
with midazolam (Dormicum, Roche, Oslo, Norway)/
fentanyl/fluanison (Hypnorm) (0.4 ml + 100 g™, 8.C.).
The right and left ventricle were scanned transthoraci-
cally using a Vivid 5 ultrasonic scanner (GE Vingmed
Ultrasound AS, Horten, Norway) with a 10-MHz trans-
ducer. At this ultrasonic frequency, a bubble will have a
resonant size on the order of 0.3 pm. The reflected sig-
nal will increase proportionally to bubble size above
this level and potential stable bubbles in the blood
stream should hence be detectable. Due to the high
heart rate in rats it is difficult to detect bubbles if there
are only a few present in real time, but potential bubbles
would appear as high-intensity white clots (Fig. 1) when
looking at slow playback of the recording. We also used
the Doppler mode to further identify bubbles in the
blood stream (Fig. 2), which could be heard as loud
“chirps.”

The bubble images were graded on a scale from 1-5
according to a previously deseribed method (11) which
has been demonstrated to be accurate independent of
the operator’s experience. Grade 0 is no bubbles, 1 is oc-
casional bubbles, 2 is at least one bubble every fourth
heart cycle, 3 is at last one bubble every heart cycle, 4 is
continuous bubbling, and 5 is massive bubbling. The
scoring system is approximately exponential compared
with the number of bubbles in the right ventricle and
pulmonary artery. The rats were decompressed in pairs
and we scanned continuously for 60 min, scanning each
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Fig. 1. Illustration of ultrasonic detection of bubbles in the pulmo-
nary artery (PA); bubbles appear as high intensity dots within the vascu-
lar lumen (arrows).

rat for 2-3 min at a time. Rats from Group I were kept at
100 kPa breathing air and were given anesthesia and
kept under anesthesia for 60 min.

Excision of Material

After 60 min of observation the rats in both groups
were killed while still under anesthesia and the abdom-
inal aorta was immediately removed and stored in a
cold oxygenated (5% CO»:95% O,) Na-Krebs buffer so-
lution with the following composition: 119 mmol + L™
NaCl; 10 mmol + L1 NaHCOf,; 1.2 mmol - L™! MgCl; 4.6
mmol + L™ KCJ; 1 mmol : L~ T NaH,PQ,; 1.5 mmol - L™!
CaCl,; and 11 mmol * L™ glucose. Within 3-4 min after
decapitation the brains, including the medulla oblon-
gata and the cerebellum, were excised and immersed in
kerosene.

Specific Gravity Measurements

The specific gravity of the brains was determined us-
ing a translucent brombenzene/kerosene graduated

Ve (v
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Fig. 2. lllustration of bubbles detected in the pulmonary artery
by Doppler sonography; the bubbles induced high intensity “spikes”
(arrows).
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column as described elsewhere (21). The column was
made by adding a lighter mixture (1.040 g - ml™") of brom-
benzene (52.2 ml) and kerosene (97.8 ml) to a heavier
mixture (1.075 g + ml™") of brombenzene (59.8 ml) and
kerosene (90.2 ml). Thus the column had a continuous
gradient with densities from 1.040 g - ml™! t0 1.075 g -
ml~. To calibrate the column we used drops of K;,_SO?
with a known specific gravity ranging from 46.6 g + L™
to 73.9 g - L™1. Calibration of the column was performed
prior to each brain specific gravity measurement and we
used the same column for a maximum of seven record-
ings. The brains were transferred to the column within
30 min after decapitation and equilibrated 2 min before
we recorded their position in the column. We then pres-
surized the column to 300 kPa, let the brains equilibrate
to the new pressure for 2 min, and recorded their new
position in the column. By interpolating from the posi-
tion of K,;S0, solutions of known specific gravity we
could then graphically estimate the specific weight of
the brains. This method has been used in several studies
with high sensitivity and small standard deviations
(19,21), making this method appropriate for studying
brain edema in small study populations. Furthermore, a
study on rats with the same weight using the same tech-
nique for specific weight measurement showed the abil-
ity to detect possible brain edema otherwise masked by
simultaneous gas retention in the brain tissue by pres-
surizing the column to 300 kPa and thereby dissolving
possible gas bubble retention (21).

Vessel Tension Measurerment

The recording equipment was custom made and is
described by Nossum et al. (28). Itis based on the method
for tension measurements of isolated vessels described
by Edvinsson et al. (10) and the tissue bath technique
originally described by Hogestitt et al. (22). The aorta
was carefully cut under a microscope in about 1.5-2.0
mm long segments, mounted on two L-shaped metal
prongs, and lowered into a temperature-controlled
(37°C) tissue bath containing Na-Krebs buffer with the
composition described above. The pH was maintained
at7.35 % 0.1 by bubbling the buffer continually with 5%
C0,:95% O,. The tension applied to the aorta segments
were gradually increased to a level of 6.5-8.0 mN and
the vessels were allowed to stabilize at this level for
0.5-1 h. To test the contractile capacity of the vessels we
exposed them to a 60 mmol + L™ K-Krebs buffer solution
for 3 min before precontracting the vessels with nora-
drenalin (NA) in the Na-Krebs buffer previously de-
scribed. The endothelial-dependent relaxation response
was tested by adding cumulative doses of acetylcholine
(ACh) (107°~10"* M). The response depended upon
how much of the endothelial layer was damaged. The
maximum relaxation response was defined as the maxi-
mal dilatory response regardless of the concentration
induced by an agonist and is expressed as a percentage
of the precontraction induced by a precontracting agent.
Endothelial-independent relaxation was tested by add-
ing cumulative doses of sodium nitroprusside (SNP)
(1071%-1077M).

Drugs

+NA, ACh, and SNP were diluted in small volumes
of distilled water. All concentrations given are the final
molar concentrations in the tissue bath. NA acts on
alpha-1and alpha-2 adrenergic receptors on smooth mus-
cle cells in the blood vessels and causes vasoconstric-
tion, ACh causes endothelium-dependent vasorelaxation.
When submitted to ACh, the endothelial cell will pro-
duce NO through a G protein, which in turn relaxes vas-
cular smooth muscle cells. SNP diffuses into the vascular
smooth muscle, causing an endothelial-independent
vasorelaxation and subsequent vasodilatation.

Statistics

Data are given as mean = SD. Due to the small num-
ber of rats and lack of normal distribution on a Q-Q plot,
nonparametric statistics were used. The Mann-Whitney
U-test was applied to evaluate the differences between
groups both when assessing endothelial function and
specific weight. P < 0.05 was considered statistically
significant.

RESULTS

A total of 14 rats underwent a simulated dive in the
present study: 7 had no bubbles detected; 4 had detect-
able bubbles and were excluded from the study; 3 were
excluded due to technical problems. In the control group,
one rat was excluded from the specific weight measure-
ments due to technical problems. This left seven rats
in the experimental group, six rats in the control group
for specific weight measurements, and seven rats in the
control group for vessel tension measurements.

There was a significant difference in the maximum re-
laxation response induced by acetylcholine (P < 0.05)
between the two groups, with a mean vasodilatation of
44 * 14% in the group of decompressed rats versus
58 £ 12% in the control group (Fig. 3). SN gave no sig-
nificant difference in response, indicating that the lower
vasodilatation in the decompressed rats was related
to endothelial dysfunction. We found no difference in
specific gravity between the two groups at 100 kPa
(Table I), suggesting no brain edema following the de-
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Fig. 3. Dose-response (% relaxation) to ACh in the abdominal aorla
in the control group (N = 7) and the decompressed group (N = 7). Each
dala point symbolizes mean =+ SD.
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TABLE 1, SPECIFIC GRAVITY OF THE BRAIN INCLUDING
CEREBELLUM AND MEDULLA OBLONGATA.

N Mean SD P
100 kPa 0.53
Control 6 1.04525 0.00033
Dive 7 1.04550 0.00069
300 kPa 0.63
Control 6 1.04542 0.00033
Dive 7 1.04565 0.00069

One rat in the control group was taken out of the statistics since the
measurement had an extreme value and a low R2 The R? in the Control
group was 0.981 + 0.018 and the R? in the Dive group was 0.985 *
0.013.

compression, nor was there a change in specific gravity
when pressure increased to 300 kPa (P = 0.38), indicat-
ing no gas phase retention.

DISCUSSION

The present study demonstrated that arterial endothe-
lial function was significantly reduced in rats following
decompression, even if no venous gas bubbles could be
detected using ultrasound. Hence, this study confirms a
previous study in man (6). Even though we measured an
impaired endothelial response, we found no signs of
brain edema or gas bubble retention in the brain detect-
able by a reduction in specific gravity. This would indi-
cate that the changes in endothelial function did not lead
to a break in the blood-brain barrier. Previous studies
have shown that such breaks can occur after decompres-
sion (8,13,20). It is possible that this damage, followed
by brain edema, develops at a later stage and, therefore,
was not observed in our acute study, which only had a
1-h observation period. However, one study by Hjelde et
al. showed that rats with detectable bubbles get both
brain edema and gas bubble retention when killed 1 h
after surfacing (21); this was also true in the nine animals
in that study with a low bubble score. This indicates that
even a low number of vascular bubbles may lead to a
break in the blood-brain barrier, while bubbles too small
to be detected do not. If any damage did occur, it was too
subtle to be detected using this methodology. The study
by Hjelde et al. showed thal the edema/free-gas ratio
decreased with increasing bubble score (21). They found
no significant difference in gas retention between the
rats with a low bubble score and the control group. To
our knowledge there are no studies demonstrating how
much gas must be retained in the brain before we can
detect it using specific weight measurements.

Our study was performed using female rats and it has
been previously demonstrated that cerebrovascular in-
flammation is suppressed by estrogen but increased by
progesterone and it has also been suggested that sex ste-
roids may modulate blood-brain barrier permeability
(29). Chryssanthou and coworkers found no sex differ-
ences when studying blood-brain barrier permeability
by altitude decompression (8). Estrogen appears to en-
hance NO production through endothelial NO synthase
and increases NO bioavailability (29,30). The effect of
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progesterone on the vascular endothelium seems to be
tissue specific and possible antagonizing effects on the
protective effects of estrogen have been found in, for ex-
ample, the coronary artery (30). Still, several studies
have found a protective effect from female sex hormones
with regard to endothelial-dependent vasorelaxation in
the aorta in rats with cardiovascular diseases and we
can not exclude the possibility of a similar effect in the
present study (23,24,30,35).

There seems to be a correlation between the amount
of venous bubbles observed after decompression and
the risk of developing DCS (13,15,37), although DCS can
occur even when small amounts of bubbles are present.
When studying endothelial damage caused by bubbles
in the pulmonary arteries of pigs, Nossum et al. found
that the damage was related to bubble score in a dose
dependent manner, where high bubble score induced
a more severe endothelial dysfunction. They further
showed that a short exposure to many bubbles injures
the endothelium more than a longer duration of expo-
sure to fewer bubbles (28).

The venous bubbles damaging the abdominal aorta
either have to go through the lungs or a persistent fo-
ramen ovale. Since the lungs are considered a good fil-
ter for gas bubbles (7) and we could not detect any
bubbles in the right ventricular chamber, it is unlikely
that a significant number of bubbles in the aorta caused
the endothelial damage measured in the present study.
Furthermore, it is unlikely that bubbles form de novo
in large arteries (33). A recent study showed impaired
endothelial function in man evaluated in vivo, accord-
ing to the method of Raitakari and Celemajer (6), with
minimal bubble formation. In that study a 1.5-3.3 MHz
ultrasound probe was used to measure bubble grade.
We used an ultrasonic frequency of 10 MHz. Since
there is a proportionality between the size of the gas
bubble and the amplitude of the reflected signal, as
long as the bubbles are larger than the resonant size for
the ultrasonic frequency used, we should be able to de-
tect small bubbles even with transthoracic recordings
due to the short distance from the probe to the right
ventricle when testing rats. Using an ultrasonic fre-
quency of 10 MHz at 1 ATA we will get a resonant size
on the order of 0.3 pm, while a frequency of 2 MHz has
a resonant size of 1.5 pm (4). Still, available commer-
cial ultrasound technology has several limitations,
particularly when measuring in animals with low bub-
ble scores and/ or very small bubbles. Even if potential
bubbles were larger then resonance size, and although
bubbles are strong reflectors of the ultrasonic beam,
there is a limitation of size in detectable bubbles. Hills
and Grulke predicted, for example, a minimum detec-
tion size in the heart or large arteries of 20-25 jum (17).
We could not set a certain detection limit in this study,
although we should have been able to detect bubbles
with a diameter of 20-50 wm depending on the signal/
noise ratio when scanning each rat. We should, there-
fore, have been able to detect the majority of stable
vascular bubbles. In addition, we used Doppler to fur-
ther increase the probability of detecting bubbles, if
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any were present. Still, we cannot conclude that there
were no bubbles present in the decompressed rats
in this study and we cannot rule out such bubbles
as a cause of the endothelial damage observed. If there
were only few bubbles present they could have es-
caped detection by available ultrasound technology if
they were not within the focus of the ultrasonic beam
or were located near the ventricle wall. It is further
possible for small bubbles to pass undetected during
Doppler measuring due to noise artifacts. It is there-
fore possible that undetected bubbles entered the arte-
rial circulation and mechanically caused the enclothelial
damage we observed.

Another hypothesis for the dysfunction is biochemi-
cal influence from damaged endothelium in the venous
system. Venous bubbles that dissolved or got trapped
before reaching the heart may have damaged or acti-
vated endothelial cells in the veins, which then started
an inflammatory process that affected the endothelium
in the arterial circulation. A possible pathway is via
shedding of endothelial microparticles from the venous
system that pass the lung filter and directly affect
endothelium-dependent vasorelaxation in the arterial
system via a mechanism that involves diminished pro-
duction and/or bioavailability of NO as shown by
Brodsky et al. (2). Maden et al. recently showed that
EMP levels rise after a simulated dive in accordance
with the USN standard air decompression tables (280
kPa for 80 min) (25). Unfortunately, they did not moni-
tor for bubbles in their study.

A third possibility is that a reduction in endothelial
function may have been caused by the elevated oxygen
tension during the dive at 700 kPa breathing air, leading
to vasoconstriction independent of the sympathetic sys-
tem (6,26). This may have been due to an increase in the
deactivation of NO by O,-depending mechanisms, such
as superoxide anion production (36). However, the
mechanism by which elevated oxygen tension influ-
ences systemic arterial endothelial function remains
unclear and several vasoconstrictor agents have been
suggested. For example, Hink et al. performed an in
vivo study on two groups of rats that were exposed to
100% oxygen at 2.8 ATA for 45 min (18) and the aorta
were cut out, respectively, immediately and 17 h after the
exposure. In that study they could not detect any changes
inmaximal vasodilatation to acetylcholine in the thoracic
aorta in vitro 0 h or 17 h after the exposure. Another
study by Tédep6ld et al. found a higher endothelial-
dependent relaxation to ACh in rat aortic rings immedi-
ately after a 1-h exposure to 95% oxygen (32), an effect
that was almost completely reversed 24 h after the expo-
sure. Although the rats in our study were not killed until
1 h after the simulated dive, neither of these studies us-
ing similar rats and methodology indicates that the
lower endothelial vasorelaxation to ACh in this present
study could have been caused by elevated oxygen ten-
sion during the simulated dive. Since the rats were un-
der anesthesia 1 h before the aorta were excised, it is
unlikely that sympathetic stress influenced the results
in this study.
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In conclusion, this study, along with a previous study
in man, indicates that following decompression, en-
dothelial arterial dysfunction can be detected even if
no bubbles are observed in the venous system. Further-
more, if no bubbles are detected, there is little evidence
of a break in the blood-brain barrier. Thus, the assump-
tion that bubble transfer from the right to the left heart
is not needed for arterial dysfunction following decom-

pression is supported.
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