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Hills BA. Spinal decompression sickness: hydrophobic protein and lamellar bodies in spinal
tissue. Undersea & Hyperbaric Med 1993; 20(1):3-16.—Four basic studies have addressed
the question of why the spinal cord is so vulnerable to decompression injury, with symptoms
exceeding those related to the brain by a ratio often quoted as 3:1. Hydrophobic protein
(HP) was discovered in sheep spinal tissue at roughly 3 times (3.3:1) the level in brain and
several orders of magnitude greater than in skeletal muscle or plasma. Extravascular lamellar
bodies (LBs) of largely phospholipid (PL) were also demonstrated in spinal tissue by electron
microscopy using a special fixative, the population being 4.1 times that in brain tissue where
some LBs were found adjacent to vascular endothelium. Extracts of spinal surfactant (HP
+ PL) were found to be particularly surface active on the Langmuir trough, with the HP
greatly accelerating monolayer equilibration, especially the recruitment of PL to a rapidly
expanding air-aqueous interface. The PL/HP surfactant complex was found to render surfaces
hydrophobic when they were able to initiate **strings’’ of bubbles in supersaturated solutions
of gases. These results are discussed as favoring the concept of autochthonous bubbles
causing spinal decompression injury exacerbated by the large quantities of spinal surfactant
present.

decompression sickness, hydrophobic protein, lamellar bodies, myelination, spinal injury,
surfactant

The tendency for paraplegia to occur in preference to other CNS symptoms of
DCS, in both divers and caisson workers, has been on record since the work of Bert
(1). Moreover, in reviewing more than 200 neurologic cases arising in pearl divers
operating off the northern coast of Western Australia around 1909, Blick (2) describes
how, at autopsy, most of the 60 deaths could be attributed to respiratory impairment
consistent with ‘‘a characteristic teased appearance’’ of spinal tissue in the lower
cervical area. This particular vulnerability of the cord, together with the debilitating
nature of such decompression injuries, has led to much interest in the mechanism
of spinal DCS.

Despite showing gas distending a myelin sheath in sections of the cord of a goat
dying under pressure and recording the formation of gas as extravascular, perhaps

3



4 B. A. HILLS

incorrectly (3), Boycott and co-workers (4) still endorsed the embolic mechanism
first suggested by Bert (1). For many years it was generally accepted that spinal
DCS was part of one general category of neurologic or type II DCS caused by
arterial bubbles. This theory was not challenged until comparatively recently when
Hallenbeck et al. (5) pointed out how spinal exceed cerebral symptoms by a ratio
of 3:1 and yet the brain receives some 75-85 times more blood flow (6) and should
therefore receive proportionately more arterial bubbles, although regional spinal
perfusion rates can vary widely (7). They support this position most convincingly by
emphasizing how, in known blood-borne disorders such as fat embolism or subacute
bacterial endocarditis, the brain is the major target organ with spinal cord involvement
not exceeding 0.4% (8). Hallenbeck et al. (5) therefore looked for a site of occlusion
other than the arterial system and presented pathologic evidence to support their
contention that cord lesions could occur by obstruction of the vertebral venous
system by a combination of bubbles and the degradation products of blood-bubble
interaction. More recently there has been a revival of interest in the concept of
arterial embolism (3, 9), and the epidemiology of spinal vs. cerebral lesions continues
to be a subject of debate.

Hills and James (10) argued against any embolic mechanism on the grounds that the
symptoms of spinal DCS are not only reversed by recompression but are repeatedly
pressure reversible, recurring upon decompression in toto with the same distribution
(11). It is very difficult to explain the extent of reversal by any embolic mechanism
because any intravascular bubbles are known to be cleared when blood flow is
restored by recompression (12, 13). The vital issue that remains is why the spinal
cord is so much more vulnerable than the brain. It would seem that either the vessels
are unique in their ability to arrest circulating bubbles or spinal tissue is much more
prone to the separation of gas from solution in extravascular sites. If the spinal cord
is more prone to the formation of autochthonous bubbles, then the question arises
as to what agents might be present to promote such growth. The cord has a high
proportion of white-to-gray matter in some vertebrae, especially T4 and L1, where
the supersaturation by nitrogen should be high during decompression, but then the
same argument should apply to some areas of the brain.

This study represents the culmination of a search for some factor that might
promote bubble growth in spinal tissue, departing from traditional emphasis on the
driving force (degree of supersaturation) by considering the kinetics. The separation
of gas from solution requires the formation of much new interfacial area and, hence,
the provision of much energy in the form of surface energy (14). This requirement
for surface energy can be reduced considerably by a surfactant locating at the interface
when it can greatly facilitate expansion of that interface, especially if recruitment is
rapid. Such energy considerations are also implicated in bubble nucleation, as dis-
cussed later.

A common example of a very rapidly expanding air-aqueous interface occurs in
vivo with the switch from liquid to air breathing at birth, when there is not only a highly
potent surfactant present in the form of dipalmitoyl phosphatidylcholine (DPPC), but
its rate of recruitment to the surface is increased by 1-2 orders of magnitude by the
presence of certain proteins (15). This system enables the air-aqueous interface in
the neonate to expand from 2 cm’ to about 30,000 cm” within a few minutes. The
combination of DPPC and protein—predominantly the more potent hydrophobic
proteins SP-B and SP-C (16)—is known in pulmonary physiology simply as *‘surfac-
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tant™’ and is produced in the lung by alveolar type II cells as *‘lamellar bodies™ (17).
Although hydrophobic protein has been considered unique to the lung (16), this study
has been designed to test for its presence—and that of lamellar bodies—in spinal
tissue and, for comparison purposes, in brain and other tissues less prone to DCS.

MATERIALS AND METHODS

Principles

In the lung there is about 10% protein in lamellar bodies (18) of which by far the
most active in promoting the recruitment of phospholipid to an air-aqueous interface
are SP-B and SP-C (19), representing about 28 and 22%, respectively, of the total
protein content (16). These proteins are so hydrophobic that they are soluble in
chloroform and other lipid solvents (16) so that they are co-extracted with phospholip-
ids upon solvent extraction. In the first study of spinal tissue, the protein in the
solvent extract was hydrolyzed to its component amino acids by a standard biochemi-
cal technique (20) and the total amino acid estimated photometrically by the standard
method of Moore and Stein (21).

In the second study, a sample of the extract was deposited as a monolayer on
the pool of a Langmuir trough (Fig. 1) to test for surface activity in the manner
conventionally applied to lung surfactant (22).

In a third minor study, the extract of DPPC and hydrophobic protein (HP) was
dissolved in chloroform and applied to a clean glass surface, placed in water saturated
with air, and then decompressed to test for any propensity to produce bubbles.

In the fourth study, sections of spinal cord were examined for lamellar bodies by
electron microscopy using a special fixation procedure (23) by which tannic acid
was substituted for most of the glutaraldehyde used conventionally to optimize the
resolution of any lamellated surface-active phospholipid (SAPL) present (24).

Materials

The source of material was five adult ewes killed painlessly by stunning with a
captive-bolt gun followed by exsanguination. The spinal cord was excised within 15
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min of death. Four samples were taken from each cord for electron microscopy,
and two other samples were taken at random for histologic examination by light
microscopy to ensure no detectable abnormality in the material used. The remainder
of the cord was weighed and immediately placed in a vortex blender for homogeniza-
tion. Samples were also taken from the brain, skeletal muscle, and blood from which
plasma was obtained.

Protein analysis

The homogenate from each cord was mixed with 10 times its volume of chloroform:-
methanol (2:1), homogenized, and then the lipid solution was separated by centrifuga-
tion and the solvent evaporated with N, . The residue was re-dissolved in chloroform,
and samples were set aside for evaluation of surface activity and the ability to promote
bubble formation. The remainder was divided into four roughly equal samples, con-
centrated by evaporating off most of the chloroform with N, and then placing 50 pl
into a hard glass tube to which is added 1 ml of 6 N.HCI. Each tube was then sealed
in vacuo and autoclaved for 24 h at 110°C. The tubes were then opened and the HCI
evaporated off. Standard procedure was followed in estimating the amino acid content
by adding ninhydrin preparation after the sample was buffered with citric acid and
sodium nitrate to pH 5. The concentration was determined using a spectrophotometer
aty = 570 nm. Blanks were prepared omitting the spinal sample and the absorbance
calibrated using a range of known concentrations of bovine serum albumin (BSA).
Thus all results were expressed as an equivalent weight of BSA per unit mass of
tissue or blood. The identical procedure was followed for brain, plasma, and muscle
samples from the same sheep. Total phospholipid was estimated by the standard
method of Rouser et al. (25) whereby all organic phosphorus is oxidized to phosphate
and determined colorimetrically.

Surface activity

One of the samples of the chloroform extract from the cord was applied to the
surface of a pool of saline in a Langmuir trough fabricated from Teflon (Fig. 1) and
the solvent allowed to evaporate for 30 min. The surface tension (y) was monitored
continuously by the dipping-plate (Wilhelmy) method as the Teflon barrier was cycled
to provide a standard change in surface area (A) of 5:1, generally considered necessary
to reach minimum vy values (26). The y:A loops were obtained for the first and third
cycles as direct tests of surface activity.

Bubble formation

Another sample (1 ml) of the DPPC-HP extract dissolved in chloroform (100 p.g/
ml) was placed on an area (2.5 X 2.5 cm) of a very clean microscope slide and the
solvent allowed to evaporate. The slide was placed in a shallow dish which was then
filled with water equilibrated with room air. Upon placing the slide in a vacuum
desiccator and pulling a vacuum of 0.5 atm, the coated and uncoated areas of the
slide were observed for bubble formation. This simple experiment was then repeated
using soda water.
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Electron microscopy

Two blocks were cut from each sample of spinal tissue for transverse sectioning.
Each was fixed for 72 h in glutaraldehyde (1%) plus tannic acid (3%), buffered at a
pH of 7.4 with 0.1 M sodium cacodylate at 4°C, and rendered isotonic with blood
from that animal by adding NaCl to minimize osmotic fluxes. Postfixation was effected
with 1% osmium tetroxide buffered at a pH of 7.4 with embedding in resin (Spurr
mix ‘A’, Probing & Structure, Kirwan, QLD) polymerized at 60°C. Particularly thin
(<60 nm) sections were cut with a very sharp diamond knife to help resolve any
lamellated structure.

RESULTS

Protein hydrolysis

The results of the protein hydrolysis for samples from spinal tissue, muscle, brain,
and plasma are summarized in Table 1. It can be seen that the quantity of hydrophobic
protein is about 2 orders of magnitude higher in spinal tissue than in muscle, which
is almost as low as plasma. A statistical analysis shows that there may be no HP in
plasma or muscle because the absorbance of the blanks is almost equal to that of
the tests. However, the presence of HP in spinal tissue is highly significant (P <
0.001) and almost as significant in brain (P < 0.002). The results of the phospholipid
analyses are also given in Table 1.

Surface activity

The chloroform extract from the spinal cord proved to be particularly surface
active, immediately reducing surface tension from 72 to 24 dyn/cm (mN/m), even
before the barrier of the Langmuir trough was moved. Upon compressing the mono-

Table 1: Analysis of Tissues for HP and Phospholipin (PL).

Hydrophobic Protein, Phospholipid, HP:PL Ratio,

Equivalent BSA Equivalent DPPC Equivalent BSA
Tissue per g tissue per g tissue Equivalent DPPC
Spinal cord 5.46 mg 4.29 mg 0.62
Brain 1.65 mg 1.43 mg 0.60
Skeletal Muscle 0.19 mg 0.20 mg 0.95
Plasma <0.01 mg 0.012 mg -
Lung (2.02 mg) 7.95 mg 0.09-0.42“
Spinal: brain ratio 33 3.0 -

“Data from Oosterlaken-Dijksterhuis et al. (16).
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layer, the surface tension remained almost constant (Fig. 2). Upon expansion, the
surface tension again remained almost constant at a value very close to the equilibrium
surface tension for DPPC of 24 dyn/cm (27). This was quite remarkable compared
with monolayers of lung surfactant or pure DPPC, also shown in Fig. 2.

Wetting and bubble formation

The slide coated with the chloroform extract of DPPC-HP proved hydrophobic,
displaying a contact angle () of over 90° when water was placed on it, whereas the
clean glass displayed a contact angle of less than 5°.

The decompressed slide immersed in water displayed many more bubbles per unit
area over the DPPC-HP-coated portion than over the clean area by a ratio of about
10:1. Roughly the same ratio was observed when the slide was placed in soda water.
Another interesting difference was the formation of rising bubbles as continuous
**strings,”’ but only from the DPPC-HP-coated areas.

Electron microscopy

Sections of the spinal cord revealed many densely osmiophilic inclusions, particu-
larly in the white matter (Fig. 3). At greater magnification most of these proved to
be classical lamellar bodies (Fig. 4) as seen in the lung (17), whereas others were
vesicles often lining vacuoles (Fig. 5). These differ greatly from myelinated axons
as seen in Fig. 6. A count of sequential sections displayed 14.2 lamellar bodies per
10* pl—not one intravascular. This compared quite markedly with brain, where a
count showed 3.5 per 10° pl. A marked difference in the brain was the number of
intravascular lamellar bodies—often in endothelial crevices (Fig. 7)—and various
other forms of lamellated structures (Fig. 8) often integrated into the oligolamellar
lining reported previously (28).

DISCUSSION

The surprising feature of the results is the very large quantity of hydrophobic
protein present in spinal tissue, an amount comparable to that in the lung on a weight
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FIG. 3—An electron micrograph of sheep spinal tissue showing two lamellar bodies (large arrows) and
other lamellated materail (small arrows) in perivascular sites of white matter. Bar = 500 nm.

o e S R 2 5 e .
FIG. 4—One of the lamellar bodies seen in Fig. 3 shown at higher magnification. Note the highly lamellated
structure and the solid core typical of an lamellar bodies (17). Bar = 100 nm.
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++ FIG. 5—A magnified view of an
"% oligolamellar vesicle and other
osmiophilic inclusions in spinal
| % cord such as shown in Fig. 3.
% These have hollow cores and, in
' some instances, seem to provide
< an oligolamellar lining to fluid-
2 filled vacuoles. Bar = | um.

basis (Table 1). The high concentration of phospholipid in both spinal tissue and
brain is predictable because chloroform would be expected to elutriate DPPC from
myelin sheaths as shown in Fig. 6. This would also explain the appreciable quantity
of DPPC found in brain (Table 1).

The +y:A loops recorded on the Langmuir trough (Fig. 2) testify to the very high
surface activity of the spinal extract, dropping surface tension immediately to the
equilibrium value of 24 dyn/cm (27). Even pulmonary surfactant requires some com-
pression of the monolayer before reducing surface tension appreciably and producing
the typical y:A loop (22) also shown in Fig. 2. In standard texts of physical chemistry,
hysteresis in y:A loops is attributed to lack of phase equilibrium, and the same would
apply to phospholipid (29). The remarkably uniform surface tension of the spinal
extract over such a large (5:1) area change would indicate very rapid recruitment
and derecruitment of surfactant from the monolayer. This is consistent with the very
high content of HP, and high HP:DPPC ratio, because it is well accepted (15, 19)
that HP is most effective in recruiting DPPC to the air-liquid interface.

These properties of the HP-DPPC surfactant complex would certainly favor their
ability to facilitate growth of the gas phase when gas is separating from solution.
This is confirmed by the hydrophobic surface it can impart and the propensity to
form bubbles, as shown in the simple ancillary experiment described above. It was
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FIG. 6—A typical myelinated nerve axon in spinal cord shown for comparison purposes in which the
myelin (predominantly SAPL) can be seen to be densely osmiophilic. Bar = 100 nm.

FIG. 7—Another view of cerebral endothlium showing both the oligolamellar luminal lining and a lamellated
body attached to the endothelial cell, possibly in a state of unraveling. Bar = 100 nm.
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FIG. 8—A magnified view of
sheep cerebral endothelium show-
ing a ‘‘chain” of lamellar bodies
attached to the vascular luminal
surface, possibly in the process of
forming the hydrophobic oligola-
mellar endothelial lining reported
previously (28). Bar = 100 pm.

also interesting to see how the HP-DPPC surface could instigate strings of very small
bubbles rising from the same points. These findings imply some role in nucleation as
well as bubble growth.

A bubble nucleus is a difficult term to define, and no theory exists that allows a
quantitative prediction of the extent of gas supersaturation required to nucleate a
gas phase, even in pure water (30). However, it is known that, in homogeneous
nucleation (30), surface tension and the ability to recruit surfactant molecules rapidly
to the gas surface of any transient cavity occurring by the random aggregation of
gas molecules in solution are important parameters in stabilization. Both of these
properties are provided by the DPPC-HP surfactant complex, although the kinetics
may still not be fast enough. Regarding the more likely scenario of heterogeneous
nucleation, the DPPC-HP complex has a capability to bind to tissue surfaces, e.g.,
to macrophages (31), and for unraveled lamellar bodies to deposit an oligolamellar
lining onto tissue surfaces, e.g., cerebral endothelium (28) or gastric mucosa (32),
which would render them hydrophobic and conducive to bubble inception.

Since these oligolamellar linings are usually hydrophobic (28, 33), it is interesting
to observe the lining they provide for some vacuoles—as seen in Fig. 5 and recently
reported in esophageal epithelium (34)—in view of the interest in these sites for
bubble formation (35). It is possible that the oligolamellar vesicles seen in Fig. 5 are
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artifact, but lamellar bodies (Figs. 3 and 4) have never been reported as artifact (36).
Some pathologists may tend to dismiss them as ‘‘the membranous remains of dead
cells,”” but this would not seem to be the case, especially in the lung (17).

If lamellar bodies hold the potential for bubble formation, either directly or indi-
rectly, then it is most tempting to speculate that their ratio in spinal:brain tissue
(roughly 4:1) is responsible for the 3:1 ratio in spinal:cerebral symptoms of DCS
often quoted (5). This ratio of symptoms agrees very closely with those of both HP
and DPPC between those organs, and the data in Table 1 might also explain why
skeletal muscle is very rarely involved in decompression-related illness.

Although the degree of coincidence of these ratios could be fortuitous, it is still
proposed that the surfactant (DPPC-HP) complex is the agent that places the spinal
cord so much at risk of decompression injury. If this hypothesis is correct, then the
offending bubbles in the spinal cord should form where most lamellar bodies are
found, i.e., in extravascular (largely perivascular) sites in the white matter. This
would seem highly compatible with the demonstration of space-occupying lesions
(SOLs) in the spinal white matter of decompressed dogs (9, 37, 38) and the fact that
these lesions are gas-filled (37, 39), thus imparting the characteristic fulminant or
‘‘teased’” appearance originally reported by Blick (2). It is interesting that myelin
figures have been reported at the bubble surface (38) because these are well accepted
in the lung (40) as an intermediate step in the unraveling of lamellar bodies on contact
with a gas—aqueous interface.

This study tends to support the somewhat different nature of the lesions occurring
in the brain and spinal cord. Several studies (41) have shown that air embolism
produces pathology in the spinal cord quite unlike that produced by decompression,
whereas spinal symptoms and their repeated reversal would favor the autochthonous
bubble (10, 41) and, hence, the model reproduced in Fig. 9. Cerebral symptoms, by

Myelin
Dura Pia ; Sheath

Artery
CSF

8

CSF
FIG. 9—Model of autochthonous
bubbles pressing on arterioles to
compromise blood flow as repro-
duced from Hills and James (10).
Any global elevation of pressure
by raised CSF pressure or forma-

Arteriole tion of sufficient bubbles in more
distant sites to cause distension of
the pia would augment the pres-
sure generated by local bubbles.
This could elevate the net pressure
opposing the vascular pressure in
determining closure according to
the “‘waterfall’’ concept.
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comparison, would seem to be caused by intravascular events. This could take the
form of either direct infarction, as proposed originally for the CNS as a whole (1,
4), or by circulating emboli compromising the blood-brain barrier (28, 42, 43). Hence
it could be particularly significant that intravascular lamellar bodies were found in
the brain (Figs. 5 and 8), in partial association with the oligolamellar endothelial
lining reported earlier (28, 44) but not in the cord. Clearly, further studies are needed
to determine the relative prepondence of HP in gray and white matter in both spinal
and cerebral tissue and to determine any association with myelin.

If the hypothesis is correct that autochthonous bubbles are responsible for spinal
DCS, this raises the issue of how such bubbles can result in spinal cord dysfunction
for which Francis et al. (38) have listed three possible mechanisms. These are physical
destruction of nerve fibers by bubble formation, ischemia, and chemical interactions,
to which list can be added the competition of the bubble surface for surfactant present
as myelin. This study has demonstrated the presence of far more lamellar bodies
than needed to nucleate the bubbles that could cause the 30-100% disruption of
fibers required to produce the degree of spinal dysfunction observed in dogs (38).
However, the repeated reversibility of spinal symptoms returns this writer yet again
to the ischemic mechanism proposed originally (10). Although the experimental
evidence for that *‘waterfall’’ approach involved the global generation of extravascu-
lar pressure, closure of vessels by autochthonous bubbles had to be local to explain
why not all nerve tracts are affected, and this was reflected in the original model
proposed (10) and reproduced as Fig. 9. Thus, the watershed zones T4 and L1 with
the lowest perfusion pressure would be at the greatest risk. Any generation of a
global pressure, e.g., by elevation of cerebral spinal fluid (CSF) pressure, would
exacerbate the situation by elevating the effective pressure with which the autochtho-
nous bubble(s) are pressing on arterioles.

The fascinating question that this study poses is why there should be so much
hydrophobic protein normally present in the spinal cord and what function it could
serve. The fact that the ratio of HP to DPPC, i.e., HP to the basic building block
of myelin, is virtually the same in the brain (Table 1) indicates that HP is somehow
involved in the myelination process or in the maintenance of myelin sheaths in
general. Its ability to increase the rate of adsorption of DPPC by 1-2 orders of
magnitude (15, 19) could indicate a physical role in the deposition of DPPC as
myelin. It is conceivable that lamellar bodies are *‘repair kits’’ of instantly available
surfactant, in which case promotion of their production by HBO—in the lung, at
least (45)—could provide another reason for treating spinal injury with HBO therapy
(46).

This work was kindly funded by the Spinal Research Foundation of New South Wales.—Manuscript received July
1992; accepted September 1992.
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