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A n a p h y l a t ox i n : A substance be-
lieved to be the cause of anaphy-
lactic shock, which results as a
reaction of an antibody to a spe-
cific foreign invader.

A n t i bo d y : A substance that re-
acts with an antigen.

A n t i g e n: A substance that, as a
result of coming in contact with
appropriate antibodies, elicits an
immune response, inducing a
s tate of sensitivity and/or resis-
tance to foreign invaders. 

B a s o p h i l : A type of phagocytic
white blood cell.  

Blood brain barrier (BBB ) : A
barrier believed to be made up of
walls of capillaries that surround
the brain's membranes. The barri-
er normally prevents many ch e m i-
cals and disease-causing organ-
isms in the blood from entering
the central nervous system. 

Complement system: The series
of 20 proteins that aid T- and B-
leukocytes in the immune system.

Complement activation: A c t i v a-
tion of complement proteins by
the immune system in response
to foreign invaders 

E n d o t h e l i u m : A layer of flat cells
lining especially blood and lym-
phatic vessels and the heart.

E r y t h ro c y t e s : Red blood cells. 

G r a n u l o c y t e s : White blood cells
that mature into phagocytic cells,
including neutrophils, eosinophils
and basophils.

H i g h - P re s s u re Nervous Syn-
d ro m e : Changes in the electrical
activity of the brain when divers
are subjected to depths in excess
of 600 feet / 183 meters on heli-
u m - oxygen mixes. Symptoms in-
clude tremors of the hands and
jerky movements of the limbs,
dizziness, nausea, decreased
alertness and a tendency to sleep
if the diver does not remain ac-
tive. Symptoms can be controlled
by using very slow descent rates
and adding a small amount of ni-
trogen to the breathing mix.

Glossary of Medical Terms

Bubbles are not the only cause of
damage. The immune response and its
domino effect on blood ch e m i s t r y
changes may lead to further damage
even after the bubbles are gone.

The importance of early tre a t m e n t .
The longer you wait for DCS tre a t m e n t
the more blood chemistry ch a n g e s
you will have. 

How complement system activation
may acclimate you to resist DC S .

How the immune system response may
cause injuries to the brain or lungs.

Possible individual differences in 
susceptibility to DC S .

Possible future tests and tre a t m e n t s
for DC S .

Rethinking
the Hit
By Andrea Zaferes

Reviewed by Bill Hamilton, Ph.D., and 
Karen Van Hoesen, MD
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T he metaphor of a battlefield can

be used to describe the human

b o d y ’s immune response. For-

eign invaders, such as bacteria, cause

the body to mobilize several defense

s t r a t e g i e s :

1 . The invaders are sought out, re c-

ognized and destroyed by ro a m-

ing soldiers. White blood cells, or

leukocytes, such as phagocytic

m a c rophages, granulocytes and

monocytes, ingest the invaders.

2 . Soldiers recognize the invaders,

flag them, then go back to their

base to help produce other sol-

diers trained to recognize in-

vaders by their banners, or anti-

gens. They target and destro y

even more invaders. These

trained soldiers, or antibodies,

recognize specific invaders and

point them out to the phagocytes. 

3 . Specially trained soldiers weak-

en the invaders by activating

c o m p l e m e n t .

D ecompression sick n e s s, or DCS, is no simple

illness. Rather it is a conglomeration of symptoms that

occur when gases dissolved in body fluids under pre s s u re

a re released too rapidly, forming bubbles in tissues as well

as in blood and lymphatic systems.

Injuries caused by the mechanical effects of the bubbles

begin a cascade of factors producing greater tissue damage.

These factors may be responsible for brain, spinal cord and

lung injury not easily explained solely by mechanical dam-

age from gas bubbles. Complement activation of the im-

mune system may be responsible for some symptoms such

as itching, pulmonary swelling, small blood vessel leakage,

i n c reased blood viscosity, clotting and much more .

H i s ta m i n e : A substance that in-
creases the permeability of capil-
laries and blood vessels. 

In vitro : In an artificial environ-
ment, referring to a process or re-
action occurring in a test tube or
culture media.

In vivo: In the living body, refer-
ring to a process or reaction oc-
curring therein.

I n t e r s t i t i a l : Spaces or interstices
in the tissue structure.

I s ch e m i a : Local anemia due to
mechanical obstruction, mainly
arterial narrowing, of the blood
supply.

Le u k o c y t e s : White blood cells.

Ly s o s o m e : A cell particle con-
taining enzymes capable of de-
stroying the host cell or other
cells when those cells need to be
removed from the body.

Mast cells: Defense cells normally
found outside of blood vessels that

rush to invasion sites to release
h i s tamines that dilate the vessels,
increasing local blood flow.

M a c ro p h a g e s : Large phagocytic
cells that help ingest invading cells
and alert other portions of the im-
mune system to the invaders.

M o n o c y t e s : A relatively large
cell that constitutes 3 to 7 per-
cent of the white blood cells in
circulating blood, which is nor-
mally found in the lymph nodes,
spleen, bone marrow and loose

connective tissue.

M y e l i n : The material enveloping
nerve fibers.

N e u t ro p h i l s : A phagocytic white
blood cell formed by granulocytes.

P h a g o c y t o s i s : The process of in-
gestion and digestion by phago-
cytes of bacteria, bits of dead tis-
sue and foreign invaders. 

Ve n u l e s : Venula; Capillary vein; a
minute vein.
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Bubbles in the
blood stream may
cause the binding
of red blood cells
to proteins. Such a
reaction results in
a series of effects
possibly leading to
brain, spinal cord
and/or lung injury.
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4 . Cells damaged by invaders send

out distress signals, calling for

m o re soldiers to come and fight

the invaders, producing inflam-

mation, complement activation

and activating the clotting mech-

a n i s m .

5 . Cells widen the rivers of the

blood system, the venules and

capillaries, so more soldiers can

rush to the site. Histamine dilates

the venules and capillaries.

6 . Cells in the attacked, damaged

a rea can build fort resses of clots

that serve to plug up holes to

keep out additional invaders, de-

c rease fluid loss and capture in-

vaders for the arriving soldiers to

d e s t ro y. The clotting mechanism

is in full swing.

An introduction to these immune sys-

tem functions will give you the neces-

s a ry knowledge to comprehend how

the system may respond to the possi-

ble effects of “invading” gas bubbles. 

Immune System Organs
(See “Immune System Organs” 

diagram to the right)

Bone Marrow: The “stem cell”

originates in the bone marrow.

It is the origin of all other types

of blood cells, which comprise the

immune system’s defense network.

Stem cells mature in different parts

of the body, depending on which

type of blood cell they mature into.

It is presumed that B-cells reside in

bone marrow after maturing.

Thymus: Stem cells that migrate

from the bone marrow to the thymus

mature into T-cells. Mature T-cells

then go from the thymus to the

spleen and the lymph nodes.

Lungs: The lungs filter out diseases

and prevent them from entering the

body via the gas we breathe, and fil-

ter bubbles from the blood passing

through them.

Spleen: The spleen is home to T-

cells, B-cells and macrophages, the

white blood cells that kill and eat

dead cells and foreign cells marked

by other immune system cells.

Blood and lymphatic fluid that

flows through the spleen are cleaned

of foreign matter, such as infectious

cells and dead cells.

Intestines: Parts of the intestines,

known as Peyer’s Patches are part

of the Retriculoendothelial Sys-

tem, which includes cells in

spleen, liver, lymph nodes, bone

marrow, lungs and intestines re-

sponsible for cleaning the blood

of foreign matter. Macrophages

within these patches eat bacte-

ria, old blood cells and foreign

particles.

Liver: The liver cleans the blood of

infectious cells, dead cells, and for-

eign matter.

Tonsils: Act as filters for disease or-

ganisms trying to enter the body

through the mouth.

Lymph nodes: A reservoir of B-cells

and T-cells, which are deployed

when foreign cells are detected.

Blood Cell Pro d u c t i o n
(See “Blood Cell Production” 

diagram on opposite page)

All cells in the blood originate fro m

the bone marro w ’s pluripotential

hemopoietic stem cells. PHSCs

f o rm all types of blood cells, including: 

1 . M o re PHSCs, which are re ta i n e d
in the bone marro w. 

2 . Lymphoid stem cells that form the
white blood cells T- l y m p h o c y t e s
and B-lymphocytes.

3 . Colony forming unit-spleen cells.
These ultimately differentiate into:
A . Red blood cells called ery-

t h ro c y t e s .
B . White blood cells called gran-

ulocytes that further differe n-

TONSILS

TH YMUS

L UNGS

LYMPH NODES

SPLEEN

LI V ER

IN TES TINES

BONE MARROW

Immune System Org a n s

tiate into such phagocytic
cells as neutrophils and
monocytes. These go on to
become phagocytic
m a c ro p h a g e s .

C . White blood cells ca l l e d
m e g a karyocytes that frag-
ment into platelets, or 
t h ro m bo c y t e s .

White blood cells, or leukocytes, are

the mobile defense cells that circ u l a t e

in both the blood and the lymphatic

systems. Leukocytes seek out areas of

inflammation, which are the dam-

aged battle zones. Granulocytes live
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Blood Cell Pro d u c t i o n

BONE MARROW

SPLEEN

Other Stem Cells

Lymphoid Stem Cells
White Blood Cells (WBC s )

E r y t h rocytes 
Red Blood Cells (RBC s )

G ranulocytes ( WBC s )
N e u t rophils, Eosinophils, Basophils

Monocytes ( WBC s )

M a c ro p h a g e s

T- Ly m p h o c yt e s B - Ly m p h o c yt e s

S TEM

CELL

M e g a ka r yocytes ( WBC s )

T h ro m b o c ytes (Platelets)

C OL ON Y

FORMING

UNI T

for four to eight hours in circ u l a t i n g

blood and for four to five days in the

tissues. Monocytes live for 10 to 20

hours in the blood, but when they

reach the tissues, they can swell up to

five times their size and become

m a c rophages, which can live for

months and even years. Macro p h a g e s

can grow to 80 micrometers, larg e

enough to be seen by the naked eye.

Lymphocytes pass from the

drainage of lymph nodes into the cir-

c u l a t o ry system, and re t u rn to the tis-

sues a few hours later. Ly m p h o c y t e s

repeat this journey for months or

sometimes years. Platelets are re-

placed every 10 days by the pro d u c-

tion of 30,000 platelets formed every

day for each microliter of blood. Each

m i c roliter of blood normally contains

about 300,000 platelets.

The Humoral 
Immune Response
(see “Humoral Immune Response”

diagram on page 29)

Soldiers arrive, destroy the in-

vaders and re p roduce to contin-

ue the fight. The body has sol-

diers born to recognize antigens, or

the flags carried by foreign invaders.

The soldiers are Y-shaped pro t e i n s

called antibodies. Antibodies are im-

munoglobins, which are produced by

B-lymphocytes, or B-cells. 

Specific antibodies react to the

a n t i g e n ’s 3-D shape and electrical

c h a rges and can use their Y- s h a p e d

locks to clump the foreign invaders

t o g e t h e r. Two antibodies of the IgG

type can activate the complement

system. Both processes serve to at-

tract and aid the white blood cells,

phagocytic neutrophils and

m a c rophages. Phagocytes ingest and

d e s t roy the invaders and further stim-

ulate the immune system pro c e s s .

The phagocytes recognize the anti-

gen-antibody complex and sticks it to

its surface. Phagocytosis, or ingestion,

of the complex follows. The lyso-

some, inside the macrophage, re l e a s-

es digestive enzymes that destroy the

i n v a d e r.

The macrophage frees the antigens

and pushes them to its plasma mem-

brane where the antigens again serv e

as flags alerting the immune system.

The macrophages travel with their

antigen flags throughout the body.

When they reach the B-lymphocyte-

filled lymph nodes, the B-cells that

recognize the specific antigen bind

their antibodies to it. This stimulates

the B-cells to divide and form clone

cells with the aid of T- l y m p h o c y t e s ,

c reating more antibodies targeted to a

specific antigen. This flood of anti-

bodies into the blood is the primary

immune response. The second time

an antigen invades the body, it re-

sponds more quickly since it alre a d y

has developed antibodies. This is the

s e c o n d a ry immune re s p o n s e .

Complement Activation

T h e re are 20 diff e rent proteins in

the complement system, which

bind to cells flagged by the anti-

b o d y. The 11 most important pro-

teins, labeled C1 to C9, B and D, are

p resent in blood plasma and the plas-

ma that leaks from capillaries into tis-

sues. Normally inactive, these pro-

teins are activated by classical and
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Classical Pathwa y, Alternative Pathwa y, 
and Complement Ac t i va t i o n

■ An immune re s p o n s e

t r i g g e red by bacteria or

other invader flagged

with antigens activates

the C L A SSI CAL 

PAT HWAY.

■ Both pathways lead to responses creating a suitable com-

plement activation site, activating the key complement

p rotein C3 and subsequent fragments and attractions.

■ The above ca s cade of various proteins results in 

inflammation and capillary damage, which could play a

s i g n i f i cant role in the DCS pro c e s s .

■ The proteins in this ca s cade are just one example of

many combinations and types of proteins fragmented

and attracted by complement activation.

■ An immune re s p o n s e

t r i g g e red by an injury,

s u ch as a cut or the for-

mation of bubbles,

w h e re no antigens are

p resent activates the

A LT ERN ATIVE PAT HWAY.

a l t e rnative pathways (See “Classical

P a t h w a y, Alternative Pathway, and

Complement Activation” diagram to

the right”). The classical pathway is

activated by an antigen-antibody re-

action. A part of the antigen-antibody

complex binds with C1, which begins

a cascade of complement activation

reactions such as the following:

Two IgG antibodies are held togeth-

er by a C1 protein. Part of C1, called

C1s, splits into C2 and C4. C2 and C4

bind to the invader, resulting in the

splitting of C3. C5 then joins C2, C3,

C4. These four complement enzymes

attract C6 and C7. C5 then moves to a

new place on the invader taking C6

and C7 with it. C8 and C9 join the C5

g roup and form a ring that eats

t h rough the invader’s tough mem-

brane, destroying the invader. The ac-

tivation of C1 thus results in a larg e

i n c rease in enzymes that help pre v e n t

damage by the invaders.

A l t e rnative pathway activation oc-

curs without the antibody-antigen re-

action when the invader provides a

suitable complement activation site,

for example, in red blood cells. Shas-

tri, Logue and Lundgren (1991) found

i n c reased complement activation

when red blood cells were pre s e n t .

The nitrogen bubbles caused the

binding of C3 complement to the

blood cells. Thus, the quantity of C3

bound in these cells could measure

the degree of complement activation

by nitrogen bubbles in decompre s s-

ing divers.

Complement fragments stimulate

phagocytic cells, components of the

blood that ingest invaders by ru p t u r-

ing their membranes. Stimulated

phagocytes migrate to other are a s

seeking invaders. Some fragments

change the invaders’ surfaces causing

them to stick together, while others

neutralize the invaders. Mast cells,

defense cells normally found outside

blood vessels, rush to invasion sites

to release histamines that dilate the

vessels, increasing local blood flow,

or inflammation. Dilation of the veins

✎ ✎

✎

✎
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The differentiation be-

tween the classical and al -

ternative pathway is im-

portant. It is the knowl -

edge of the classical path -

way that lead to vacines,

which are injections of

antigens, designed to cre-

ate and memorize a cer -

tain immune response. Re-

search will try to discover

if the immune system re -

acts differently to different

gases. An indication of dif -

ferent responses may

mean that the classical

pathway is being activated.

Could this lead to possible

vacinations for DCS?

✎ Marked proteins. 

By testing for the quantit y

of marked proteins found

in the blood after a 

complement activation, 

researchers can evaluate

the severity of the immune

system reponse that has

taken place.

and capillaries also leads to leakage

of proteins that coagulate, trapping

invaders in the local tissue sites.

R e s e a rch in the past decade sug-

gests that complement activation and

the resultant inflammation and capil-

l a ry damage could play a role in the

DCS pro c e s s .

I n f l a m m a t i o n

Inflammation is a series of changes

that tissues go through as a re s u l t

of  injury. (See “The Effects of Im -

mune Response to Bubbles” d i a g r a m

on pages 32-33.)

1 . The complement reactions and

damaged tissue attract mast cells,

which are normally found on the

outside of blood vessels, under

the skin and in connective tissue.

Mast cells release histamine,

which increases blood flow to the

tissues by dilating venules and

capillaries.   

2 . P roducts of inflammation, such

as histamine, make capillaries’

interior walls, or endothelium,

s t i c k y. Neutrophils, the phagocyt-

ic white blood cells formed fro m

granulocytes, stick to the capil-

l a ry walls in a process called

m a rgination. Margination causes

the endothelium cells to separate

f rom each other. It is intere s t i n g

to note that hyperbaric oxygen re-

duces neutrophil adherence to

the interior walls of venules in

tissue that is becoming anemic

due to blockage by bubbles. It

also reduces the delivery of

leukocytes and neutrophils to the

a re a .

3 . The separated endothelium cells

i n c rease capillary wall perm e-

a b i l i t y, allowing fluid, leukocytes

and clotting molecules to leak

out of the blood vessels into the

interstitial space of the damaged

tissue. This increases fluid and

clotting in the damaged are a .

4 . Clotting begins when a blood ves-

sel wall is damaged. The injure d

H u m o ral Immune Response

A foreign invader’s antigens alert the body’s
immune system.

The macrophage frees the antigens and
pushes them to its surface where they serve
as a flag, signaling the immune response and
aiding in the recognition of the next invader.

ANTIGENS

Phagocytosis: Macrophages recognize and
surround the antigen/antibody complex. The
macrophage’s lysosome releases digestive
enzymes that destroy the invader.

Antibodies, “Y” shaped proteins called im-
munoglobins that are produced by B-lympho-
cytes, recognize and attach to the antigens.

FOREIGN INVADER

ANTIBODIES

MACROPHAGE

LYSOSOME
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NORMAL: When in blood the protein mole-
cule’s hydrophobic sections are surrounded by
its hydrophilic sections which are in contact
with the surrounding fluid.

DENATURED: When the protein molecule comes in contact
with a gas bubble it becomes denatured. Its shape and
electrochemical nature is changed: the hydrophobic sec-
tions of the molecule come in contact with the gas whereas
the hydrophilic sections move in the opposite direction to
remain in contact with the fluid.

GAS BUBBLE

H ow Bubbles Af fect Proteins — Denaturization
A protein molecule is made up of hydrophilic sections which 
are attracted to fluid, and hydrophobic sections which are 
attracted to gas.

HYDROPHILIC

HYDROPHILIC

HYDRO-
PHOBIC

HYDROPHOBIC

cells release substances that at-

tract platelets. The injury exposes

collagen, a protein made of bun-

dles of tiny fibers that form con-

nective tissue. Platelets contact

the collagen and disintegrate,

f o rming a temporary plug in the

i n j u red vessel. Platelets re l e a s e

s e rotonin, which constricts the

vessel. This decreases blood loss

and flow, while barricading for-

eign invaders from the site. Tw o

results of the clotting process are

pain and further swelling.

5 . Histamine, serotonin and

bradykinin could temporarily in-

c rease barrier perm e a b i l i t y, while

complement activation could

play a role in destruction of the

sheath around nerve fibers, or

myelin. Myelin destruction re-

sults in nerve damage.

6 . Inflamed tissue releases sub-

stances that cause chemotaxis,

the chemical attraction of neu-

t rophils and macrophages that at-

tack the invaders in the inflamed

a rea. Some of these substances

a re complement activation pro d-

ucts, products of the damaged tis-

sues and products of the clotting

m e c h a n i s m .

N e u t rophils invade the inflamed are a

in about an hour, but macro p h a g e s

can provide aid within minutes, since

they are already present in nearby tis-

sues. Recompression treatment with

hyperbaric oxygen within the first

two hours of DCS manifestation may

help prevent or decrease the blood

c h e m i s t ry changes, thereby decre a s-

ing the additional tissue damage.

How Bubbles Affect Proteins
(See “Denaturization” 

diagram below)

Complement activation caused by

the blood-DCS-bubble interac-

tion may be due to the modifica-

tion of blood proteins that occurs at

the blood-gas interface, where elec-

trochemical forces denaturize pro-

teins, or cause them to change their

shape and electrochemical nature.

Hydrophilic portions of the protein

molecules are drawn away from the

gas bubble, while the hydrophobic

portions are drawn to the bubble.

When this denaturized protein mole-

cule comes into contact with cell

membranes, it could result in the ac-

cumulation of globules of free fats

and the release of fatty acids from

cell membranes and subsequently

form fat emboli, which could cause

further damage.

Remote Damage

Complement activation damage

can occur in tissues remote to

local bubble sites. This damage

can occur even after DCS bubbles

have disappeared, which may ex-

plain delayed DCS symptoms. Indi-

viduals with greater sensitivity to

complement activation may be at

greater risk for DCS manifestation

and/or more severe DCS injury.

Some of these injuries might not

even be fully treatable by hyperbaric

oxygen. Someday, research might re-

sult in tests for physiological decom-

pression stress when DCS symptoms

are not apparent, as well as tests for

discovering which divers are at

greater risk for DCS. 

Immune system reactions to de-

c o m p ression bubbles result in furt h e r

d i s ruption of blood flowing to the

site, leading to tissue damage and cell

death at the site and in more re m o t e

sites because of impaired circ u l a t i o n .

Such damage may have its greatest ef-

fect in the central nervous system,

w h e re even small decreases in circ u-

lation can result in serious pro b l e m s .

FLUID

Punkfish
Resaltado

Punkfish
Resaltado
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It’s been a few hours after a dive, and you feel a bit of

a tingling sensation in your pinky. “No big deal,” you

think. “It’s just a ‘skin’ hit that’ll go away in a bit.” Th i n k

again. Any tingling, weakness or numbness could be

a symptom of type II decompression sickness, or

DCS, that affects the neuro l o g i cal and/or ca rd i o re s p i-

ratory systems. Nerves going to your pinky, for exam-

ple, join the spinal cord in the neck, so tingling in your

little finger could be the first sign of neuro l o g i ca l

damage that could pro g ress to full paralysis from the

n e ck down. Never ignore even subtle problems. If re-

moving such circulatory obstructions as straps and

suits, massaging, dry-

ing and gently re w a r m-

ing an affected are a

does not eliminate tin-

gling, weakness or

numbness within five

minutes, the possibility of DCS should be investigat-

ed and treated. Denying these symptoms could do

m o re than just end your diving ca re e r. It could end

your ability to walk, have sex or even think clearly.

FIELD NEUROMAN 
There’s nothing too mild about DCS

This, in turn, adds only more weight

to the need for more re s e a rch in the

e m e rging field of diving medicine

and biochemistry. 

Leakage of fluids through capillary

walls increases hemoconcentration,

or the percentage of cells in blood,

and is thought to contribute to DCS

shock. This means an increased

blood viscosity with less fluid circu-

lating in the blood, since only blood

fluid, not blood cells, leak through

the damaged capillary walls. In-

creased hemoconcentration is mani-

fested in both arterial gas embolism

and DCS. And in the case of arterial

gas embolism, it is correlated with

the eventual neurologic outcome.

The capillary permeability incre a s e

could explain clinical features of DCS

that are less likely to result from vas-

cular blockage. For example, the loss

of plasma from capillaries may signifi-

cantly increase hemoconcentration

and shock following DCS. This, in a

less serious form, is probably the

cause of “inappropriate fatigue,” a

symptom of DCS. It also helps to un-

d e r s c o re the need to avoid dehydra-

tion, and explains why re h y d r a t i o n

often improves DCS during tre a t m e n t .

Color key shows where nerves throughout the
body connect to the spinal chord

CERVICAL

THORACIC

LUMBAR

SACRAL

Punkfish
Resaltado
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1. Denaturization 
Complement activation

caused by the blood-

DCS-bubble interaction

may be due to the modi-

fication of blood pro t e i n s

that occurs at the blood-

gas interface, where elec-

t rochemical forces denature

p roteins, changing their shape

and electrochemical nature. Hy-

d rophilic portions of the pro t e i n

molecules are drawn away from the

gas bubble, while the hydro p h o b i c

p o rtions are drawn to the bubble. The

e l e c t rochemical nature of the blood pro-

tein molecule is now changed. 

2. Complement Activation 
The nitrogen bubbles caused the binding of C3

complement to the blood cells. 

3. Complement fragmentation 
The complement protein C3 is split; in this

example into C3a and C5a fragments. Com-

plement proteins can be split in various se-

ries of complex fragmentations. (See text,

page 28,  for another example.) 

4. Stimulation of the
immune response
Complement activation results in in-

flammation. Phagocytic cells rush to the

site. Complement reactions also attract

mast cells, which are normally found on

the outside of blood vessels, under the

skin and in connective tissue.

5. Permeability 
When denaturized molecules come into

contact with cell membranes it could re s u l t

in the accumulation of globules of free fats

and the release of fatty acids from the cell

membranes and the subsequent formation of fat

emboli. This can increase the permeability of cer-

tain barr i e r s .

The Effects of Immune Response to Bubbles

DIAGRAM/ILLUSTRATION: 
DUVAN HOFFMANN AND MING-YEN TUNG
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6. Margination
Mast cells release histamine, which in-

c reases blood flow to the tissues by dilating

venules and capillaries. Histamine also

makes the capillaries’ interior walls, or 

endothelium, sticky. Neutrophils, the

phagocytic white blood cells form e d

f rom granulocytes, stick to the

c a p i l l a ry walls in a pro c e s s

called marg i n a t i o n .

7. Permeability 
M a rgination causes the endothelium cells to separate from each

o t h e r. The resulting leakage of fluid from capillaries can re s u l t

in DCS shock. It is interesting to note that hyperbaric oxygen re-

duces neutrophil adherence to the interior walls of venules in

tissue that is becoming anemic due to blockage by bubbles. Per-

meability of this type may let bubbles move from the capillaries

into the interstitial space where they could theoretically be

taken in by the lymphatic system. The possibility of bubbles

entering the lymph system means that bubbles could possibly

end up virtually anywhere, causing serious damage to the heart

or spinal cord. 

8. Clotting 
I n j u red cells release sub-

stances that attract platelets. An

i n j u ry exposes collagen, a pro-

tein made of bundles of tiny

fibers that form connective

tissue. Platelets contact collagen and disintegrate,

f o rming clots. Platelets may attach themselves to bubbles

c reating a larger mass, resulting in further blockage. The

result would be impaired circulation leading to furt h e r

tissue damage and cell death.

PHAGOCYTE/
NEUTROPHIL

HISTAMINE

BLOOD
CAPILLARY

PLATELETS

COLLAGEN

LYMPHATIC CAPILLARY

INTERSTITIAL SPACE

LYMPHATIC PORES
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Bubbles on the Move

Blood consists of plasma, a clear,

w a t e ry fluid that contains re d

blood cells, white blood cells,

p rotein molecules, glucose, platelets

and other molecules and cells. Plas-

ma carrying oxygen and nutrients

passes through capillary walls to the

interstitial space to supply cells with

these vital molecules. Large pro t e i n

molecules and red blood cells do not

n o rmally pass through to the intersti-

tial space unless the capillary wall

p e rmeability is increased by such

p rocesses as complement activation

or physical damage (See “The Eff e c t s

of Immune Response to Bubbles”) .

Such increased permeability may

allow bubbles into interstitial spaces.

Bubbles that enter or form in intersti-

tial spaces are too large to be re - a b-

sorbed by the blood capillary are pos-

sibly removed by the lymphatic

capillaries, which are found in almost

all tissues. Theoretically if bubbles

w e re to get into the lymph system

they could end up almost anywhere ,

in more dangerous areas such as the

h e a rt or spinal cord, possibly causing

even more serious injuries.

Let us consider gas bubbles’ eff e c t

on the blood-brain barrier or the

blood-lung barr i e r, which pre v e n t

c e rtain substances from entering

these organs. Denaturized proteins re-

sult in the release of fatty acids, in-

c reasing the permeability of these

b a rriers and allowing harmful mole-

cules to enter these organs. Incre a s e d

p e rmeability of the blood-brain barr i-

er can result in focal swelling and

possibly the cerebral features of DCS,

changes in cerebral blood vessels and

spinal cord myelin and axon damage.

Hills & James demonstrated in 1991,

that micro DCS bubbles incre a s e

blood-brain barrier perm e a b i l i t y, re-

sulting in local swelling and possibly

the cerebral features of DCS, changes

in cerebral blood vessels and spinal

c o rd myelin and axon damage.

Skin biopsies of swine inflicted

with skin DCS showed leukocyte-me-

diated inflammation. Neutro p h i l s

w e re found adhered to blood vessel

walls, causing congestion. The au-

thors concluded that the skin lesions

may reflect similar changes in the

v a s c u l a t u re of the spinal cord and

other target organs of DCS. White

blood cells may thus be an import a n t

indicator in decompression sickness.

Early Treatment

As technical diving extends the

re c reational diving limits with

deeper and/or longer duration

dives, knowledge of the complexity

of DCS becomes increasingly impor-

tant. Participants frequently pursue

the sport without the surface support ,

equipment and lengthy training avail-

able to commercial and military

divers. Technical divers must under-

stand the risks of not having surf a c e

s u p p o rt equipment such as on site re-

c o m p ression chambers and diving

medical off i c e s .

The longer you wait for tre a t m e n t

the more blood chemistry changes

you will have due to the immune re-

sponse. It is important to seek tre a t-

ment in less than two hours fro m

DCS manifestation. An understand-

ing of immune response to DCS may

lead to the development of better in-

d u s t ry mechanisms to achieve imme-

diate tre a t m e n t .

Acclimatization; a possibility 
warranting further research

Eleven U.S. Navy divers perf o rm-

ing a 28-day saturation dive to a

p re s s u re of 1,000 feet seawater /

305 meters seawater were tested for

i n c reased levels of C3a and C5a frag-

ments. No correlation was found be-

tween high-pre s s u re nervous syn-

d rome experienced by some of the

divers and the levels of the fragments.

H o w e v e r, the three divers with Type I

DCS characterized by skin bends fa-

tigue or pain only had significantly 

higher levels of C3a and C5a. 

C3d levels in divers exposed to a

20-minute, 170 fsw / 52 msw dry

chamber dive or to two such dives

with a six-hour surface interval were

studied by Zhang and others in 1991.

Their goal was to develop a measure

of decompression stress other than

DCS symptoms for low-risk re c o m-

p ression dives. Red-blood-cell-bound

C3d was chosen because it is one of

the final cleavage products of com-

plement C3, the key protein arising

f rom both the alternate and classical

pathways of the complement cascade.

They demonstrated that C3d did not

i n c rease after the single dive, but it

did significantly increase after the

repetitive dive. No divers pre s e n t e d

DCS symptoms, although half re p o rt-

ed itching during or after decompre s-

sion from the first and second dive.

This could have been due to platelet

a g g regation followed by histamine re-

lease that was not related to comple-

ment activation.

The fact that C3d activation was

g reater after the second dive support s

the hypothesis of Wa rd and his asso-

ciates that complement is depleted by

repetitive diving, even when DCS is

not present. Low-grade complement

activation on such dives may not be

enough to initiate DCS, but could re-

sult in complement depletion that

may protect divers from DCS after

subsequent dives. For example,

divers subjected to six 30-minute

repetitive dives with a maximum

depth of 2.0 atmospheres absolute

over three days showed an appro x i-

mate one-half reduction of C5a pro-

duced in plasma samples after com-

pleting all dives, compared with

p redive samples. Complement C3a

did not show significant diff e re n c e s

after the dives.

Rabbits were shown to become 30

p e rcent less sensitive to DCS if they

w e re subjected to a series of low-pre s-

s u re profiles before severe - p re s s u re

tests. Sensitivity of the rabbits was

graded on the susceptibility to com-

plement activation as defined by their

C5a levels. Seven out of seven high-

sensitivity rabbits subjected to the se-
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v e re profiles developed DCS. A sec-

ond group of 13 high-sensitivity rab-

bits was subjected to four low-pre s-

s u re dives. Only three of them

developed DCS after subsequent se-

v e re - p re s s u re dives. Complement ac-

tivation sensitivity was reduced by

e x p o s u re to low-pre s s u re pro f i l e s ,

which in turn significantly re d u c e d

the rabbits’ susceptibility to DCS.  

Possible Individual Differences
in Susceptibility
Complement sensitivity could ex-

plain, in part, individual variation in

DCS susceptibility. Wa rd and others

found that sensitive rabbits and

divers had higher incidence of DCS

than insensitive subjects, and there-

f o re raised the possibility that

changes in complement sensitivity

could explain individual variation in

DCS susceptibility. Sensitivity was

defined by the level of C5a incre a s e

following plasma incubation with

bubbles outside of the body. They

also found that cobra venom factor

ended the manifestation of DCS in

rabbits. ■
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