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grossly swollen fibres, each showing a distended myelin sheath separated from a small 
shrunken axon. Two further examples from a longitudinal section of a nerve 6 weeks 
after compression are shown in Fig. 9 c. In one of these the plane of section was such 
that the axon is not shown and the swelling appears empty. In the other, a shrunken 
central axon can be seen. 

From these and other sections it was clear that these were localized swellings up to 
120,um in length and up to 30,um in diameter, situated in the paranodal region 
adjacent to a demyelinated or remyelinated portion of the axon. An electron micro­
graph of a paranodal swelling is shown in Fig. lOa. The axon is shrunken and its 
fibrous contents are densely packed. It is suspended in a finely granular matrix, 
suggestive of oedema fluid, which almost completely separates it from the myelin 
sheath, to which it is still linked by its mesaxon. In this case the fluid accumulated in 
the inner cytoplasmic tongue of the Schwann cell (Fig. lOb). In other fibres the fluid 
split the compact myelin, leaving several layers covering a shrunken axon. In these 
fibres also, the fluid was assumed to be intracellular since it split the major dense line. 

What is the fate of the paranodal swellings? It appears that they are eventually 
invaded by macrophages which remove the distended myelin, as in the example 
shown in Fig. lOco Such delayed demyelination could explain the demyelinated axons 
and the myelin debris occasionally seen in nerves many months after compression 
(for example see Fig. 9a). 

In considering the functional significance of the swellings, two points should be 
emphasized. In the first place many were present in nerves which had been compressed 
for long periods at 1000 mm Hg but relatively few were seen after shorter periods at 
the same pressure; they were rare after compression at 500 mm Hg. Furthermore, 
the swellings were numerous at a relatively early stage of recovery and had mostly 
disappeared by the time recovery was complete. 

The relationship of these changes to the prolonged conduction blocks seen in our 
physiological experiments is dealt with in the discussion. 

DISCUSSION 

The characteristic lesion we have described involves displacement of the node of 
Ranvier from its normal site; this implies stretching of the paranodal myelin on one 
side of the node and invagination of the paranodal myelin on the other. Since there 
is no similar displacement of the Schwann cell junction, the result is lateral movement 
of the axon and paranodal myelin relative to the Schwann cells on either side of the 
node; this must cause local rupture of the Schwann cell membrane (mesaxon). The 
invaginated paranodal myelin remains enclosed within its Schwann cell but is 

Fig. lO(a). Low power electron micrograph of a swelling 6 weeks after compression. The swollen 
inner tongue of Schwann cell cytoplasm (v) separates most of the surface of the axon (ax) from 
the myelin sheath. A sector remains attached to the sheath. x 3000. 

(b) Enlargement of area arrowed in lOa. The mesaxon (m) is seen with swollen Schwann cell 
cytoplasm (v) on either side of it. x 44000. 

(c) A myelinated fibre from the same nerve as above, showing axon (ax) and a pocket of 
oedema (v). A macrophage (ma) has penetrated the basement membrane and broken into the 
myelin sheath. x 4600. 
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effectively separated from it, and the invaginating paranodal myelin is extracellular 
with respect to its own Schwann cell. In both cases degeneration of the myelin 
follows. Although the Schwann cells show some reactive changes, they retain their 
viability and it is rare for demyelination to involve complete internodal segments. 

Why should nodal displacement occur during compression? We suggest that the 
primary event is displacement of axoplasm from under the cuff and that the axo­
plasmic movement meets resistance at the nodes of Ranvier where two factors may 
operate. In the first place there may be an increase in the viscosity of the axoplasm 
at the node, this region acting as a plug which is then forced in the direction of 
axoplasmic movement. Alternatively, the normal narrowing ofthe axon which occurs 
at the node (Hess & Young, 1952; Berthold, 1968) could form an obstacle to the free 
movement of axoplasm. In both cases the result would be displacement of the nodal 
axolemma and of the myelin attached to it. 

The normal narrowing of the axon at the node would provide a possible explana­
tion for the selective effect of compression on the large myelinated fibres, with 
sparing of small myelinated fibres. In the latter, the axons are not narrowed at the 
nodes, so that movement of axoplasm along the fibre could occur without nodal 
displacement. In suggesting this we have assumed that movement of axoplasm along 
small fibres does occur with the cuff pressures we have used. There is, however, no 
proof that this is so. Since the force required to displace fluid within a tube is 
inversely related to the diameter, it is possible that the pressures we used were 
sufficient to produce axoplasmic movement in large fibres but not in small ones. 
Direct measurement ofaxoplasmic movement in small fibres would be necessary to 
answer this question. 

Why are the lesions concentrated under the edges of the cuff? This could be 
explained by the pressure gradient in the tissues between the parts under the cuff and 
those beyond its edge. With the relatively wide cuff we have used, the gradient would 
be maximal under the edges of the cuff and least under its centre. Without such a 
gradient one would not expect axoplasmic movement or displacement of the nodes of 
Ranvier to occur, even if the absolute pressure in the tissues were high. As an 
example of the ability of a peripheral nerve to withstand high pressures provided that 
there is no gradient between one part and another, one may cite the experiments of 
Grundfest (1936), who showed that when an isolated portion of frog nerve was 
wholly enclosed in an oxygenated pressure chamber, pressures of the order of 1000 
atmospheres were necessary to abolish conduction. It is interesting that both Edwards 
& Cattell (1928) and Bentley & Schlapp (1943) considered that the effect of pressure 
on peripheral nerves was to produce distortion which was maximal at the edges of 
the compressed part. The latter authors found that when exposed cat sciatic nerve 
was compressed between two pneumatic cushions, most of the fibres appeared to be 
blocked at one or other edge of the compressed zone rather than at the centre. 

In our own experiments we do not know whether the conduction block which 
follows a tourniquet is due to obliteration of the nodal gap itself, or whether changes 
in membrane permeability and impedance elsewhere along the internode might be 
responsible. From the physiological studies of Fowler et al. (1972) it seems that mild 
compression produces slowing of conduction, whereas more severe compression 
results in conduction block. Using diphtheria toxin in the rat, Rasminsky & Sears 
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(1972) have studied the effect of demyelination on conduction in single fibres. Their 
conclusion, which may be relevant to the present results, was that myelin damage first 
resulted in a reduced current flow at the node and a delay in the activation of adjacent 
nodes. There was thus an overall fall in conduction velocity before the myelin damage 
was sufficient to block conduction completely. Further studies of velocity changes in 
single fibres and in different regions under the cuff in our tourniquet lesion are 
clearly required to investigate this question further. 

It was shown by Fowler et al. (1972) that the conduction block which follows com­
pression at 1000 mm Hg might last for many weeks or months, and that there was a 
significant correlation between the duration of compression and that of the subse­
quent block. In these experiments conduction was studied inthe nerve fibres supplying 
a small foot muscle, the motor fibres being stimulated above and below the cuff and 
the muscle response being recorded from abductor hallucis. Using needle electrodes 
inserted through the skin, this procedure could be carried out repeatedly under 
anaesthesia without damage to the nerve or muscle. It should be emphasized that 
these physiological experiments were concerned with conduction in a selected group 
of motor fibres passing under the cuff, whereas the anatomical studies were carried 
out on the whole medial popliteal nerve trunk at that level. For this reason an 
exact correlation cannot be made between the degree of physiological block and the 
pathological appearances of the particular fibres responsible for it. 

It is, however, possible to make some general comments concerning the long delay 
which often occurred before conduction in damaged fibres was resumed. In this 
context we attach considerable importance to the paranodal swellings described above. 
These swellings are apparently due to the distension of the myelin sheath by oedema 
fluid; the axon itself is shrunken and perhaps compressed. Such swellings may be 
found in decreasing numbers in nerves for several months after compression and it 
seems reasonable to suggest that they are responsible for the conduction block which 
persists in some fibres for a similar period. Their late breakdown would account for 
the occasional demyelinated axon seen during the later stages of recovery (Fig. 9a), 
and it seems unnecessary to postulate an additional defect of remyelination to explain 
the presence of such axons. 

In addition to the variation in the rate of recovery we have shown to exist between 
one fibre and another, it must be remembered that there may be a similar variation 
between different nodal lesions on the same fibre. If as many as 30 nodes of Ranvier 
on a single fibre were damaged initially, one must envisage a series of separate con­
duction blocks along the fibre, each one of which must recover before conduction 
could be resumed through the whole region. In such a situation the physiological 
deficit would be more severe than the histological appearances might suggest. 

The origin of the paranodal swellings requires special comment. In some ways 
their appearance is reminiscent of the distended fibres seen in cerebral oedema due to 
tri-ethyl tin (Aleu, Katzman & Terry, 1963; Hirano, Zimmerman & Levine, 1968). 
Similar appearances were described by Spencer & Thomas (1970) in peripheral nerve 
fibres proximal to nerve section. In both cases, however, there were differences. For 
example, the swelling seen after tri-ethyl tin appeared to be generalized rather than 
localized to the paranodal regions. In the case of nerve section the swellings 
were localized but occurred in thinly myelinated fibres which were thought to be 
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remyelinating. In contrast to this, the swellings seen in the present study always 
occurred in the terminal portions of the original internodes, although they were 
adjacent to those parts of the axon which were demyelinated or thinly remyelinated 
(that is, the sites of previous invagination). In some cases the distended myelin 
was of normal thickness, indicating that partial myelin rupture of the type shown 
in Fig. 5 was not a pre-requisite for the formation of swellings. There was also a 
difference in the distribution of the oedema fluid seen in the first few days after 
compression and that seen at a much later stage. In the former it was never 
limited to the inner tongue of Schwann cell cytoplasm surrounding the axon. In 
the late paranodal swellings, however, oedema fluid in this situation was a common 
finding. In: spite of these differences, it seems reasonable to conclude that the late 
swellings are the result of the intra-myelin oedema which is first seen within a few 
hours of compression, and which can, apparently, persist and alter its distribution 
with the passage :of time. In contrast to this, oedema of the Schwann cell cyto­
plasm external to the myelin sheath was only seen during the first few days, after 
which it disappeared. 

There has in the past been considerable discussion as to the role of ischaemia in 
relation to the local demyelination which results from compression. It was argued by 
Denny-Brown & Brenner (1944a) that the pressure was itself insufficient to produce 
direct mechanical damage, and that it acted by producing secondary ischaemia of the 
compressed region. This was similar to the mechanism postulated by Lewis, Pickering 
& Rothschild (1931) for the reversible physiological block which is produced in man 
by a sphygmomanometer cuff inflated to a pressure slightly greater than that of the 
systolic blood pressure. While we accept that ischaemia may be responsible for the 
reversible physiological block described by Lewis et al., it is clear that the anatomical 
changes which we have described must be a direct result of the applied pressure. It 
could not be argued that a lesion such as this one, involving as it does the displace­
ment of anatomical structures, could be caused by ischaemia alone. 

It may be added that ischaemia alone did not produce demyelination in our experi­
ments. Distal to a cuff at 1000 mm Hg conduction in motor fibres failed within 
40-50 minutes, but continuation of the procedure for 2-3 hour periods did not result 
in demyelination distal to the site of compression. Ischaemia combined with minimal 
compression was no more effective in producing demyelination. This was tested by 
using a cuff pressure of 250 mm Hg (Ochoa, Rudge & Gilliatt, unpublished obser­
vations). The systolic blood pressure in an anaesthetized baboon is approximately 
120 mm Hg, and our standard cuff at 250 mm Hg produced complete circulatory 
arrest, the reversible physiological block in fibres distal to the cuff having the same 
time-course as that produced by a cuff pressure of 1000 mm Hg. However, when the 
cuff at 250 mm Hg was maintained for 2 hours, there was no persistent conduction 
block or conduction delay, and subsequent anatomical examination of the com­
pressed nerve revealed no demyelination. 

Although ischaemia alone or in combination with compression at 250 mm Hg did 
not produce demyelination in our experiments, it is possible that in combination 
with compression at 500 or 1000 mm Hg it could contribute to the severity of the 
result. We know that compression at 1000 mm Hg for 3' hours produces a longer­
lasting conduction block than a similru.: pressure applied for 1 hour. The results 
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described in the present paper suggest that this may be related to the greater number 
of paranodal swellings seen after prolonged compression. Could these latter changes 
be the result of compression combined with prolonged ischaemia? In the case of the 
rapidly reversible cytoplasmic and mitochondrial changes we have seen in the Schwann 
cells external to the myelin, the appearances are in some ways similar to those 
described by Webster & Ames (1965) and McGee-Russell, Brown & Brierly (1970) 
after anoxia or hypoglycaemia. While we are not aware of any published reports of 
intra-myelin oedema resulting from ischaemia, its appearance after cyanide ad­
ministration in mice (S. Hall, personal communication) suggests that it can occur. 
The possible contribution of ischaemia to the intra-myelin oedema and thus to the 
paranodal swellings seen in the present study clearly requires further investigation. 

Finally, one may ask whether displacement of the nodes of Ranvier occurs in 
pressure lesions other than those caused by tourniquet. While it seems probable that 
a similar basic lesion is present in a variety of human pressure palsies of the type 
described by Seddon as due to 'neurapraxia' (Seddon, 1943), there is at the present 
time no direct evidence that this is so, and further experiments are in progress to 
establish this point. 

There are, however, three other situations which require mention. The first of these 
is the nerve crush in which, as Lubiriska has shown, there is paranodal demyelination 
involving two or three nodes proximal to the level of the crush (Lubiriska, 1959, 1961). 
It seems possible that the paranodal demyelination might be the result of axonal 
movement caused by the crush and, indeed, appearances suggesting invagination of 
myelin are shown in Figs. 18 and 19 of Lubiriska (1959). The other situation in which 
this lesion may occur is in the much older experiment originally described by Ranvier 
in 1878. In this, an isolated segment of frog nerve was compressed with a spring clip 
in vi/ro; Ranvier's drawings and his description of the resulting changes strongly 
suggest that paranodal invagination had occurred, although the nerve had already 
been placed in fixative at the time of compression. 

These latter experiments are cited by Hess & Young (1952), who studied single 
teased nerve fibres which had been placed in silver nitrate and nitric acid for several 
hours (to stain the cross of Ranvier at the nodes) and then washed and mounted in 
glycerin. They found that slight pressure on the coverslip of these preparations caused 
the axon to 'move within the sheath leaving stained neurilemma at the node'. In this 
way they produced displacement of the nodal axoplasm; from their illustrations it is 
clear that the cementing disk remained in its original position, but it cannot be seen 
whether invagination of the paranodal myelin occurred. . 

SUMMARY 

A pneumatic cuff inflated to 1000 mm Hg round the knee for 1-3 hours has been 
used to produce pressure neuropathy in the baboon. A previous study has shown 
that after this procedure a conduction block in the medial popliteal nerve may per­
sist for several weeks or months. 

An electron microscope study of single teased fibres has shown that the primary 
lesion caused by compression of the large myelinated fibres is a displacement of the 
node of Ranvier from its usual position under the Schwann cell junction. This is 
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accompanied by stretching of the paranodal myelin on one side of the node and 
invagination of the paranodal myelin on the other. The nodal axolemma can some­
times be identified as far as 300 .urn from its original position under the Schwann cell 
junction. In such cases there is partial or complete rupture of the stretched paranodal 
myelin. 

The nodal displacement is maximal under the edges of the cuff, with relative or 
complete sparing under its centre, the direction of displacement always being away 
from the cuff towards uncompressed tissue. These findings suggest that the pressure 
gradient within the nerve between its compressed and its uncompressed parts is the 
factor responsible for the movement. 

This nodal lesion is followed by breakdown of the paranodal myelin. Remyelina­
tion subsequently occurs with the formation of short intercalated segments. Repair 
may be delayed by intramyelin and periaxonal oedema, which results in localized 
swellings in which a shrunken axon is separated by oedema fluid from a distended 
myelin sheath. Such local swellings can be found in diminishing numbers for several 
months after compression. It is suggested that their persistence could be responsible 
for the delay in functional recovery. 
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