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The pathogenesis of non-freezing cold nerve injury
Observations in the rat
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Summary

Non-freezing cold nerve injury is uncommon in civilian been emphasized in clinical descriptions. Our observations,
practice, but may reach epidemic proportions in war zonesin the rat, of the vasa nervorum show that cold-induced
Studied since the time of Hippocrates, its aetiology has intravascular aggregation is followed by a ‘no-reflow’
remained elusive. We sought to replicate experimentally, @henomenon which culminates in endothelial damage and
peripheral nerve cold temperature gradient, since this has  delayed thrombotic occlusion.

Key words: sciatic nerve; cold injury; animal model; nerve blood flow; ischaemia

Abbreviations: MAP = mean arterial blood pressure; NBF nerve blood flow

Introduction

The effects of cold on peripheral nerves have been studied  of convincing experimental support (Lewis and Moen, 1952;
since the time of Hippocrates. However, it has been duringsayenet al,, 1960; Nukadaet al., 1981; Kennett and Gilliatt,
military operations that cold-induced neuropathies havel991a, b). We, in agreement with other workers, found in
commanded most attention. The devastating events of colgilot studies that cooling sciatic nerve for 3 h, to constant
nerve injury were well documented in Napoleon's Russianemperatures as low as 2°C, did not result in vascular
Campaign, the Crimean War, the British Mission to Tibet, occlusions or conspicuous morphological change in cooled
the First and Second World Wars, the Korean conflict andsasa nervorum. Controversy has therefore existed regarding
the Falklands War. In some campaigns, instances of coléhe pathogenesis of peripheral nerve cold injury.

neuropathy were so numerous that military operations were A dominant theme in many early clinical descriptions of
seriously jeopardized (Smitbt al, 191%; Greene, 1941; cold-induced neuropathy was that it often developed during
Ungley and Blackwood, 1942; Blackwood and Russell, 1943periods in which temperature varied (Smith al., 1915%).
Blackwood, 1944, b; Lewis and Moen, 1952; Dunning, |n this series of experiments of cold-induced neuropathy, we
1964; Buckelset al, 1967; Payne, 1984). have therefore sought to replicate such temperature variation.

Although less frequent in peacetime, cold-inducedoyr principal aim was to re-explore the role of ischaemia in
neuropathy is a well-known risk in mountaineering (Carternon-freezing cold nerve injury.

et al, 1988) and an occupational hazard for fishermen
(Semsarian, 1994). latrogenically, such lesions may occur as
a complication of cryotherapy (Dreat al, 1981; Bassett .
et al, 1992) and following open heart surgery (Chandler'\/lajterlal and methods
et al, 1984; Efthimiouet al., 1991). Animals

Early investigators suggested that cold-induced nervd his study was approved by the Committee on Ethics in the
lesions might be primarily ischaemic in origin (Large and Care and Use of Laboratory Animals, University of Otago,
Heinbecker, 1944; Denny-Brovet al,, 1945). It was reasoned Dunedin, New Zealand. Eighty-eight adult, male Wistar rats,
that stagnation of blood might lead to thrombus formationweighing 300—350 g, were housed in plastic cages and water
(Friedman, 1945). However, this concept was not acceptednd purina chow made availabled libitum Rats were
by the majority of subsequent investigators because of alack  randomly divided into six experimental groups (10 animals
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Water Outlet

) Instrument Co., Chicago, IL, USA). The cooling sequence
Thermistor Probe

was 1°C 20 min, 2°C 10 min, 3°C 10 min, 4°C 10 min and
5°C 10 min. This cycle was repeated twice to achieve 3 h
of cooling. An electrical blanket, placed beneath the rat,
maintained a rectal temperature of 37-37.5°C. Immediately
following nerve cooling the sciatic nerve was rewarmed
to 37.5°C.

In control animals, the sciatic nerve was positioned on the
cuff but water temperature maintained at 37.5°C for 3 h.
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Nerve blood flow
Sciatic NBF was measured before, during and following
cold induction, using a 0.5 mm diameter fiberoptic probe,
connected to a laser Doppler flowmeter (Model ALF-21,
Advance Co., Japan). The probe, placed vertically on the
epineurium, was held in position by a magnetic
micromanipulator, seated on an iron plate to minimize

9 = vibration. The probe both delivered incident laser illumination
copper cuff, through which either cool or warm water could be . .
circulated, was placed under the sciatic nerve. The nerve was firs‘?lnd C‘?”eCtec_j reflected light from_ the _Sam(_':‘ S'te_' Care was
cooled through gradients of 1-5°Crf8 h and the nerve taken in placing the probe to avoid epineurial microvessels,
temperature then rapidly restored to 37°C. to ensure that flow measurements represented integrated

capillary flow within the fascicle rather than surface epineurial

per group), and control groups, for nerve blood flow (NBF)flow. A clear ultrasonic transmission gel (Eko Gel, 39044
measurements (18 animals) and for mean systemic arterial Egna Italy) was used as an interface between the nerve ar
blood pressure (MAP) observations (10 animals). probe to eliminate light scatter.

Anaesthesia was induced by intraperitoneal xylazine Prior to nerve cooling, a 10 min stable NBF baseline was
(10 mg/kg) and ketamine (90 mg/kg). These drugs werdirst established, using a chart recorder (Rikadenki Kogyo Co.,
continued at half this dosage every 20—30 min, as necessary. Tokyo, Japan). NBF measurements were then continuous

Once the animal was anaesthetized, the right sciatic nerwmonitored during the cooling period and for the ensuing hour
was exposed by a lateral incision over the proximal femur  of nerve rewarming. NBF data was collected at 10 min
at midthigh level. About 15 mm of nerve was mobilized intervals for a duration of 1 min and readings for each group
proximal to its division into posterior tibial and common averaged at the same time points. Changes in NBF were
peroneal branches. Care was taken to avoid injuringexpressed in flow units, which were then calculated to obtain
epineurial vessels. a percentage of pre-cooling baseline values. At the completion

of NBF measurements, silk sutures (6.0) were used to define
the proximal and distal extent of the hypothermic nerve injury.
Apparatus When re-examining NBF prior to sacrifice, the previously
For local cooling of the sciatic nerve, we used a small cuff  cooled segment of sciatic nerve, identified by suture markers,
made from copper tubing, shaped into a hollow semicirclevas carefully re-positioned on the cuff. No water was
and coated with epoxy resin (Fig. 1). A distance of 10 mm circulated through the cuff. The laser Doppler probe was
separated water inlet and outlet tubes. Nerve temperatugaced over the centre of the cooled nerve, and NBF recorded
was monitored by a thermistor incorporated into the base of  for 1 h.
the cuff. A second thermistor rested lightly on the surface of Control NBF measurements were obtained using the same
the nerve, opposite the cuff. Once the cuff was correctly  cuff, with and without water circulating at 37°C.
positioned, immediately distal to the origin of the inferior Group 1 animals were sacrificed immediately after the
gluteal nerve, the temperature difference between the two  completion of 1 h of nerve rewarming following the 3 h
thermistors did not exceed 0.5°C. period of nerve cooling. The remaining experimental animals
were sacrificed following a second NBF assessment, at 12 h
(Group 2), 24 h (Group 3), 2 days (Group 4), 3 days (Group
Nerve cooling and rewarming 5) or 5 days (Group 6).
Paraffin (liquid paraffin BP) was applied to the nerve, and
infiltrated between the cuff and the underlying muscle tissue.
Focal cooling of the sciatic nerve at a mid-thigh level wasArterial pressure
achieved by a water/ethylene glycol mixture, circulatedSince NBF may be altered by variation in systemic blood
through the cuff with an electric circulator (Cole-Parmer  pressure, MAP was monitored in 10 experiments. In these

Fig. 1 Schematic drawing of the experimental design. A 10 mm
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assessments, the left common carotid artery was exposed and glutaraldehyde in 0.025 M cacodylate buffer at pH 7.40
ligated rostrally. A polyethylene catheter (PE50), containingthrough the abdominal aorta.

saline-sodium heparin (50 IU/ml) was then implanted into Cooled sciatic nerve segments, together with proximal and
the proximal carotid artery. It was connected to a pressuréistal nerve segments, were then fixed in 2% glutaraldehyde
transducer (Statham P23 AC, Hato Rey, Puerto Rico) at heaavernight, at room temperature. Nerve segments were then
level, which led to a chart recorder (Ink Writing Oscillograph, washed in 0.025 M cacodylate buffer for 30 min, post-fixed
Model 79 Wu 8P40, Grass Instrument Co., Quincy, Mass.in 1% osmium tetroxide in 0.025 M cacodylate buffer for
USA). MAP and NBF measurements were continuously2 h, dehydrated in ethanol for 50 min, immersed in propylene
recorded for 3 h without nerve cooling (five rats), or with oxide for 20 min and embedded in Epon 812. Transverse
nerve cooling (five rats). These rats were then euthanizednd longitudinal semithin sections were cut, using an ultracut
with an overdose of pentobarbital sodium. microtome (Reichert-Jung Ultracut, Austria) and stained with
methylene blue or phenylenediamine for light microscopy.
Thin sections, cut with a diamond knife, were stained with
Microcirculation uranyl acetate followed by lead citrate and examined in a

Epineurial sciatic nerve arterioles, venules and capillarie®hilips 410 electron microscope.

were observed and photographically recorded, with a

dissecting microscope and camera (SZ-PT, Olympus, Japariptatistical analysis

Six animals were examined in each group, before, duringdll statistical calculations were carried out on an Apple
and after nerve cooling. Macintosh Computer using the Statview program. NBF
statistics were performed using a paired Student®est
for comparison. Values were expressed as mearSD.
Significance was assumed fBr<< 0.05.

Morphology
At a predetermined time, most control and cooled sciatic

nerves were fixeéh situ for 30 min with 4% glutaraldehyde Results

in 0.025 M cacodylate buffer (pH 7.4). In a minority of Nerve blood flow

experiments, sciatic nerves were fixed by perfusing 150 mA 3 h cold injury to sciatic nerve, with a sequential gradient
of Karnovsky’s fixative (2% paraformaldehyde and 2.5%between 1 and 5°C, resulted in a significant and irreversible
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Fig. 2 Laser Doppler mean NBF measurements in control and experimental animals at 10 min intervals
during nerve cooling and rewarming (up to 250 min) and at follow-up examination immediately prior to
sacrifice (at various times up to 5 days). Note that the NBF falls steeply over 20 min and reaches its
nadir (25% of baseline) 180 min after the onset of cooling. NBF remains significantly reduced up to 5

days after cold injury.
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Table 1 Representative sciatic NBF measurements before, After 30—60 min Flow through arterioles, metarterioles,

during and after nerve cooling capillaries and venules became progressively slower, to reach
Sampling NBE values* a slugg|_sh or static state with erythrocyt_es no longer discrete,
time point but having a granu]ar appearance (Fig. 4B). M{:my vessel
Perfusion unit % of baseline  walls now became irregular in outline and the diameter of
) capillaries was reduced.

10 min' 31.8+ 1.4

30 min 155+ 1.2 48.7+ 3.7 )

70 min 11.2+ 1.0 35.2+ 3.1 After 60—120 minintravascular aggregation of red cells
igg m!; g-gf (1)-2 %gf g? was now very prominent. Flow in most capillaries ceased
550 m:n 124+ 11 39.0+ 3.5 entirely by the end of this period. Arterioles and metarterioles

12 h 129+ 1.2 406+ 3.8 became constricted, and their vessel walls irregular. Flow in
Day 1 13.8+ 1.8 434+ 57 these vessels was often no longer laminar and vasomotion
Day 2 14.4% 1.4 453* 4.4 became inconspicuous. It was during this phase that venules
Day 3 153+ 2.1 48.1* 6.6 became slightly dilated prior to becoming constricted. Their
Day 5 16.2+ 15 50.9+ 4.7

blood flow was no longer laminar and transient rouleaux

NBF = nerve blood flow (meang SD) obtained by averaging formations were frequently noted (Fig. 4C). Indeed flow in
all data at the same time points in 60 rats. *All NBF values were some venules was restricted to the passage of an occasional
significantly different from the baseline at 10 miR € 0.05). isolated erythrocyte.

"Baseline value¥Commencement of nerve rewarming.

After 120-180 min.Constriction and irregularity of
reduction in NBF (Table 1). Mean NBF in cooled sciatic arterioles, metarterioles and venules became more marked
nerves fell progressively to reach a nadir of 25% of baselindFig. 3B). Flow, in these vessels, as judged by the movement
(Table 1). One hour after rewarming, sciatic NBF was still Of erythrocytes, was sluggish or static. Blood flow in venules
significantly reduced, at 39% of baseline. When cooled sciati®ecame progressively slower, with prominent rouleaux
nerves were re-examined at intervals of 12 h to 5 daysformations and occlusive aggregates (Fig. 4D).
mean NBF values remained significantly depressed (Table 1,

Fig. 2). By contrast, NBF in control animals showed no

significant alteration during the 3 h period of observation, %"Spservations during nerve rewarming

at re-examination prior to sacrifice. Likewise there was . L :
L . i . After 1 h of rewarming, a minority of arterioles and venules
<10% variation in MAP during experiments and these slight . - .
. . . showed a slightincrease in diameter towards normal (Fig. 3C).
variations in MAP had no influence on NBF. o : . .
The majority of arterioles and venules remained irregularly
constricted and where occluded arterioles or venules reopened
Microcirculation they were poorly perfused (Figs 3C and _4E). Capillaries
remained for the most part markedly constricted, and reflow

NormOthe_rm'C _Obse_rvat'ons . ) _was seen only in an occasional capillary. Occlusive aggregates
Under a dissecting microscope, sciatic nerve ep'”e””aﬂ)ersisted in 70% of cooled nerves.

arterioles, metarterioles, capillaries and venules were
observed prior to cooling (Figs 3A and 4A). Spontaneous
irregular contractions in metarterioles, ‘vasomotion’, were
noted. Blood flow through capillaries was seen to be rapidvascular pathology
and non-laminar. In larger vessels, erythrocytes were oftehight microscopic examination of cold lesioned nerve after
confined to an axial stream, leaving a peripheral plasma 1 h of rewarming revealed many empty epineurial and
layer. Reversed flow was not seen except through venuleendoneurial vessels suggesting a ‘no-reflow phenomenon’
venule bridges. There was no stasis and no aggregation of  (Figs 5A and 6A). Twelve hours to 1 day after nerve cooling,
erythrocytes. red cells and platelets had begun to aggregate within the
vasa nervorum (Figs 5C and 6B). Endothelial cells in cooled
nerve were markedly swollen at 12 h (Fig. 7A). By 2-5 days
Hypothermic observations after nerve cooling, many epineurial and endoneurial vessels
After 0—30 min.As the nerve temperature fell toward  were thrombosed (Figs 5D and E, 6C and D, and 7B).
1-5°C, flow rates in arterioles slowed considerably, but were Within 12 h of cooling, nerves showed severe oedema
largely unaffected in metarterioles. Flow remained rapid in (Fig. 5B). It was first evident in the subperineurium and
capillaries although plasma skimming, where a thin layer ofaround endoneurial capillaries. Later it appeared more
plasma separated erythrocytes from the intima, was  diffusely within the endoneurium and split myelin lamellae.
prominent. Flow in venules varied between slow and normalt began to decrease with the onset of blood vessel thrombosis
with an infrequent laminar line. (Fig. 5E).
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Nerve fibre morphology cold injury, and no pathological changes were seen in control

Early axonal degeneration, in the form of ‘empty’ or ‘dark’ Sciatic nerve.
axons, was seen 24 h after nerve cooling (Fig. 5C). By 2-5
days after cooling, when many endoneurial blood vessels .
were thrombosed, injured nerves showed severe pathdISCUSSION
logical changes. Myelinated fibre pathology included darkThere has been a long-standing controversy regarding the
swollen axons, inappropriately thin myelin and attenuatedPathogenesis of peripheral nerve cold injury. Although
axons (Fig. 5D and F). On electron microscopic examina£arly investigators raised the possibility of ischaemia (Smith
tion after nerve cooling, intra-myelinic oedema was noted aet al, 191%; Lake, 1917; Ungley and Blackwood, 1942;
12 h, and shrunken axons at 2 days (Fig. 8A and B). IBlackwood and Russell, 1943; Large and Heinbecker, 1944;
contrast, unmyelinated fibres were largely spared followingP€nny-Brown et al, 1945), most subsequent researchers
argued against the concept of ischaemia causing the selective
and widespread loss of myelinated fibres that is the hallmark
of cold-injured nerve (Lewis and Moen, 1952; Sayadral.,
1960; Nukadeet al, 1981). Alternative suggestions were a
. direct effect of cold on nerve fibres, vasogenic or cytotoxic
oedema, and a disruption of axoplasmic transport (Fernandez
et al, 1970; Grafsteiret al., 1972; Basbaum, 1973; Kennett
and Gilliatt, 1994, b).
Temperature variation has often been stressed in cold

e ,v injury. Common precipitants have been exposure of a frost-
‘ ‘ . = bitten limb to the warmth of a fire prior to re-exposing the
‘ gt * f--—-‘z; limb to cold, and variations between the intense cold of
Rl g Ly night and the less severe cold of day (Snethal., 191%;
B o Richards, 1944; Friedman, 1945). The injurious effects of

temperature variation might be due to (i) a mismatch
between different tissue temperatures and that of the perfusing
blood; (ii) reperfusion injury; (iii) alternating constriction
and vasodilatation with subsequent excessive exudation and
the production of harmful metabolites; or (iv) changes in
membrane permeability and a rise in intracellular calcium
(Richards, 1944; Kennett and Gilliatt, 1991 In this study,

an animal model of cold neuropathy was therefore developed
to produce focal cyclical cooling of nerve.

The longer cooling time in this model, compared with
most previous investigations (3 h), was again suggested by
clinical reports. Many human cases of severe cold injury
have suffered from cold exposure for days (Lewis and Moen,
1952). Similarly, the time-course of non-freezing cold injury
can be spread over weeks (Friedman, 1945). It would seem
under many circumstances that time is as important as
Fig. 4 Sciatic nerve epineurial microvessels before, during and  temperature, as to whether or not a subject will suffer a cold-
following nerve cooling (1-5°C).A) Normothermia. Arteriole induced neuropathy.

(A), venule (V) and metarterioles (M) have a normal appearance. h . . .
(B) One hour after the commencement of nerve cooling the Acute experimental cold lesions are ideally suited for laser

diameter of both the arteriole and venule are reduced by ~40%. Doppler quantification since this technique allows for rapid
Under a dissecting microscope, erythrocytes present a granular and continuous recordings (Nesbitt and Acland, 1980;
appearance in both vessels (arrows). Note occlusive aggregationRundquistet al., 1985; Takeuchi and Low, 1987: Loet al.,
(cl)pen_arrc_)w)hln metalrte(rlole anhd tk:ﬁ:siu?gesglon of :cttaucocyte 1989; Myers and Heckman, 1989). Moreover, a laser Doppler
clumping in the venule (arrow hea wo hours after nerve ) .

cooling segmental occlusive aggregates are seen in the venule flowmeter measures the blood-cell flux in a conical vollume
(arrows). The arterioles contain prominent rouleaux (open beneath the probe, related to the number and velocity of
arrows). D) Three hours after nerve cooling there is stasis of blood cells, rather than the absolute volume of blood cells
flow in both vessels. An occlusive aggregate (arrow) is now seenin the field. Finally, alterations in the NBF can be related to
in the arte“%'\?t a”f rt]ho:e in the venule ha;‘; gftcent?]ed (opeln pathological changes at the same level, since the method is
arrows). €) After 1 h ofnerve rewarming (37.5°C) the venule non-invasive (Nukada&t al, 1992). Using this technique, it
still exhibits multiple segmental occlusions (arrows). Erythrocyte ) X " " g ; que,
granulations (open arrows) in the arteriole indicate poor was possible to monitor the dynamic changes in NBF closely,

reperfusion. Bars represent 1. before, during and after nerve cooling.
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Fig. 5 Transverse sections of rat cooled sciatic nenfd.'‘Empty’ endoneurial vessgll h after rewarming.B) Endoneurial oedema

seen 12 h after nerve coolingCY Axonal degeneration prominent 1 day after nerve cooling. Note red cell aggregations in endoneurial
vessels (arrows))) Severe axonal degeneration including dark, ‘empty’ and shrunken axons 2 days after nerve cooling. An endoneurial
vessel with swollen endothelium is thrombosed (arrow) and another packed with red cell aggregates (operBEr8everé axonal
degeneration with prominent intramyelinic oedema, 3 days after cooling. Note the thrombosed endoneurial vessel with markedly swollen,
degenerating endothelial cells (arrowly) (A thrombosed endoneurial vessel with more advanced nerve fibre degeneration 5 days after

cooling (arrow). Bars represent 28n.
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Fig. 6 Electron micrographs of endoneurial vessels in cooled sciatic nekyeArf empty capillary with a degenerating perieyt h after

nerve rewarming. Bar representsuéh. (B) Aggregating platelets (arrows) 24 h after cooling. Bar represepis 2(C) Platelets,

adherent to the endothelium of a venule, show variable degrees of degranulation without pseudopod formation, 48 h after nerve cooling.
Two red blood cells are trapped within this platelet thrombus. Bar represants D) A thrombus formed of platelets, red blood cells

and fibrin 5 days after nerve cooling. The blood vessel wall is necrotic. Bar represgnis 2

The results of this study show a significant and sustained been attributed to an absolute and relative increase in the
reduction of nerve blood flow following a non-freezing cold concentration of globulin and fibrinogen. The increased
injury. Even after 60 min of nerve rewarming, the NBF  viscosity is therefore considered to be caused by peoling
was still only 39% of that seen pre-injury. Similarly, NBF se According to molecular theory, cooling results in a
recordings 5 days after cold injury, were still only 50% of  decreased distance between molecules, with a resultant
baseline levels. increase in number of molecular collisions (Suzuki and Penn,

There is thus compelling evidence that a principal result ~ 1965). Increased viscosity of blood could thus account for
of nerve hypothermiais a failure of the nerve microcirculation.slowing of blood flow. This effect will be exaggerated in
There are several possible explanations for a cold-induced capillaries and small venules where flow rates (shear rates
impairment of flow within the vasa nervorum. are low, thus causing a further increase in viscosity and

(i) Increased blood viscosity has been reported during setting up a vicious circle (Wells, 1964).
hypothermia (Ecksteiat al.,, 1942; Lynch and Adolph, 1957; (i) Our observations indicate that early in nerve
Eiseman and Spencer, 1962; Grossman and Lewis, 1964; hypothermia there is marked aggregation of blood cells
Virgilio et al., 1964; Fukusumi and Adolph, 1970). This has within the epineurial capillary circulation, compounded by a
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Fig. 7 Electron micrographs of cooled endoneurial vessé{3.An endoneurial capillary lumen
narrowed by swollen endothelial cells 12 h after nerve cooliBy.A thrombosed endoneurial capillary
seen in rat sciatic nerve, 2 days after cooling. Bars represgnt.1

constriction of arterioles and metarterioles. Intravascular  and Zederfeldt, 1959; dtoat, 1963; Bigelow, 1964;
erythrocyte aggregates have also been a conspicuous findipnd et al., 1964; Grossman and Lewis, 1964; Setsal.,

in the microcirculation during generalized hypothermia  1964). The development of cold-induced aggregates has been
(Bigelow et al., 1950; Gelin and Lfstrom, 1955; Blatters attributed to a number of causes (Fahraeus, 1921; Gelin and
and Horvath, 1958; Bigelow, 1959; fsirom, 1959; Ldstrom Lofstrom, 1955; Ldstrom and Zederfeldt, 1957; Ditzel, 1959;
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Fig. 8 Electron micrographs of cooled sciatic nerve fibrés) A rat sciatic nerve fibre, 12 h after nerve
cooling, illustrating myelin unravelling and intramyelinic oedema (arroB). A rat sciatic nerve fibre 2
days after cooling, exhibiting a shrunken axon and marked periaxonal oedema. Bars repgasent 1

Léfstrom, 1959; Ldstrom and Zederfeldt, 1959; Gelin and in the plasma. (c) A reduction in blood flow (Ditzel, 1959;
Zederfeldt, 1961; Wells, 1964). (a) An absolute increase irPories et al, 1962; Wells, 1964). However, this latter

the concentration of total plasma proteins during generalized viewpoint has been disputed by otfstrem(Ld959),
hypothermia results from a rapid leakage of fluid from theand it is pertinent that early in the present experiments there
vascular compartment (fstrom, 1959). The decrease in  was marked slowing of flow or stasis, without aggregate
circulating plasma volume without evidence of a loss offormation. We have no satisfactory explanation for the
proteins in induced hypothermia intensifies erythrocyte  development of aggregates noted in our experiments. While
aggregation (Sturkie, 1947; Rodbagtlal, 1951; Gelin and segmental arterial hypotension at the cooling site and reduced
Lofstrom, 1955; Ldstrom, 1959). (b) An increase in the rate of blood flow may have contributed to their development,
relative proportion of high to low molecular weight substanceswve do not believe that they are the sole factors responsible.
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Such an aggregation of blood cells will diminish the surface  granular contents are released. In turn, these contents promot
available for gas exchange, predominantly at capillary levelaggregation of additional platelets. Aggregation is also
The equatorial diameter of red cells is greater than the enhanced by the release of Von Willebrand factor, which is
diameter of most capillaries and it is only by a change of shapadhesive to GP1b membrane protein and fibrinogen. Activated
that red cells are able to transverse capillaries. Aggregates of  platelets also release adenosine diphosphate and thromboxe
red cells have never been observed to pass through capillarié®, which further recruit platelets. Thrombin itself may
and it is likely during hypothermia that they block the  stimulate a further release of platelet granules and the
entrance to capillaries, with resultant tissue hypoxia (Suzuksubsequent recruitment of new platelets. Ultimately platelet
and Penn, 1965). aggregates will occlude injured blood vessels and arrest flow.
(i) Peripheral resistance has been reported to be increased An alternative explanation is that cold haemagglutination
during hypothermia (Bigelovet al., 1950; Judest al., 1957; plays a role in thrombus formation, as described in cold
Kuhn and Turner, 1959; Delipt al, 1964; Goodyer, 1965; neuropathies (Stats and Bullowa, 1943). Greene (1943) found
Rittenhousest al.,, 1971; Zarins and Skinner, 1973). Increased  that haemolysis was a frequent, if not constant feature of
flow resistance will result in a reduced pressure head and swld injury. Release of haemoglobin might affect blood
contribute to sluggish flow in capillaries and venules. Factors vessels directly and masses of residual stroma from destroye
possibly responsible for resistance changes are increasedythrocytes could block the circulation.
sympathetic stimulation (Kuhn and Turner, 1959; Kondo Further points for consideration are the release of
et al, 1974; Kopfet al,, 1975) and blood viscosity (Lynch thrombokinase from warmed red cells following cooling and
and Adolph, 1957). subsequent thrombosis (Lake, 1917) and the release of H-
(iv) A ‘no-reflow phenomenon’ after cold injury was substance from tissue, damaged by cold (Lewis, 1941).
suggested in this study by the physiological finding of This experimental evidence of ischaemia in non-freezing
persistently reduced NBF during the recovery phase and theold injury is supported by clinical investigations. Friedman
morphological observation of many collapsed and empty  (1945), in a study of 14 cases of trench foot (a hon-freezing
endoneurial capillaries. The ‘no-reflow phenomenon’,cold injury), found numerous vessels containing erythrocyte
characterized by a lack of post-ischaemic reperfusion, was  thrombi of the type formed in stagnant blood. In addition,
first described with reference to rabbits, rendered globallysome vessels contained mixed thrombi composed of red cells,
ischaemic (Ameet al.,, 1968). These authors found areas of  platelets, hyaline material and enmeshed leucocytes. Typically
impaired vascular filling which increased with prolongationin these patients, thrombus formation was delayed.
of the ischaemic time. Lundborg (1970, 1975) showed that As in other ‘cold’ studies (Basbhaum, 1973; Biu&bda
a ‘no-reflow phenomenon’ could also occur in the peripherall981), we observed in this investigation a degeneration of
nervous system if the duration of ischaemia was sufficiently =~ myelinated fibres with unmyelinated fibres largely preserved.
long. The occurrence of ‘no-reflow’ raises the possibility thatThis pathology is attributable to myelinated fibres being more
ischaemia may modify blood vessels and impair the return  vulnerable to both ischaemia and anoxiaefl2dhli®89;
of blood flow, with irreversible parenchymal damage as aFujimura et al, 1991; Xu and Pollock, 1994). That cold-
secondary event. Thus endothelial cells may play a crucial injured myelinated fibres were damaged by ischaemia is
role in bringing about a ‘point of no return.” The phenomenonsupported by the morphological findings of dark, often
of ‘no reflow’ after cooling is probably due to a combination swollen axons, inappropriately thin myelin and attenuated
of factors, including a reduction in calibre of small vesselsaxons. These findings are typical of morphological changes
(arteriolar and met-arteriolar spasm), endothelial oedema and seen in other models of nerve ischaemia (Korthals an
postischaemic hypotension (Kowadtal., 1968). Wisniewski, 1975; Korthalst al., 1978). Swollen dark axons
(v) Widespread but delayed thrombotic occlusion of the  are a manifestation of accumulated axonal organelles. This
vasa nervorum was undoubtedly a potent factor in inducingpathology most likely results from an interruption of fast
poor nerve perfusion in the latter part of this hypothermic  axoplasmic transport, an early pathological reaction to
study. A possible explanation for this delayed thrombosis isschaemia/hypoxia (Ochs, 1971; Korthals and Wisniewski,
platelet activation, occurring as a consequence of cold- 1975; Geffiml, 1977; Tsukita and Ishikawa, 1980).
induced endothelial damage. Swollen endothelial cells andttenuated axons may be seen where ischaemia impairs slow
adjacent platelet aggregations both favour this concept. neurofilamentous transport (Friede and Samorajski, 1970
Previous work in our laboratory has shown that non-freezingHoffman et al, 1983; Hoffmanet al, 1984; Nukada and
nerve injury distorts endothelial cells and disrupts their ‘tight’ Dyck, 1984; Nulkddd, 1986). Occasional demyelination
junctions (Nukadaet al., 1981). Such endothelial surface is a secondary event in ischaemia, a result of acute and
changes are likely to change the luminal surface from an  severe alteration of axons (Chopra and Hurwitz, 1967; Eames
anticoagulant surface to a procoagulant one, and thus promoéand Lange, 1967; Asburgt al., 1970; Welleret al.,, 1970;
platelet adherence. It is well known that the circulating Beckett and Dinn, 1972; Griffiths and Duncan, 1979; Vital
cellular element most intimately involved with injury to and Vital, 1985).
blood vessels is the platelet (Warren and Bono, 1970). Once In the present experiments, oedema following cold injury
platelets are stimulated to adhere to a vessel wall, theiwas shown mainly to have a diffuse distribution in the
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interstitium, and only occasionally to be compartmentalizedAsbury AK, Aldredge H, Hershberg R, Fisher CM. Oculomotor

within axon, myelin sheath or Schwann cell soma. It is wellpalsy in diabetes mellitus: a clinico-pathological study. Brain 1970;
known that cold injury of peripheral nerve is followed 93: 555-66.

by endoneurial oedema (Basbaum, 1973). The progressiv@asbaum CB. Induced hypothermia in peripheral nerve: electron
increase in endoneurial oedema after cold injury may benicroscopic and electrophysiological observations. J Neurocytol
related to the absence of endoneurial lymphatics (Sunderland973; 2: 171-87.

1965),ortotheabnormalvascularpe_zrmea_bilityc_)fendo_neuri%assett FH 3d, Kirkpatrick JS, Engelhardt DL, Malone TR.

vessels Ca_used by the release of biogenic amines (h'Stam_"Et?yotherapy-induced nerve injury. Am J Sports Med 1992: 20:

or serotonin) from mast cells, an early pathological event in516-g.

hypothermic nerve injury (Olsson, 1968). Although the originB kett VL. Dinn 3J. S @l d lination in rh toid

of intramyelinic fluid is not known it has been suggested ecke » Dinn . egme” al demyelination inrheumatol
. . . . . arthritis Q J Med 1972; 41: 71-80.

that since nodes of Ranvier are in direct contact with the

extracellular space, a major pathway for oedema probablieggs J, Johnson PC, Olafsen A, Watkins CJ, Cleary C.

exists via the nodal region (Grahaet al., 1976). A more Transperineurial arterioles in human sural nerve. J Neuropathol Exp

likely possibility for endoneurial oedema is that following Neurol 1991; 50: 704-18.

cold-induced ischaemia, endothelial tight junctions areBigelow WG. Methods for inducing hypothermia and rewarming.

disrupted (Nukadat al, 1981). It is possible that oedema Ann N Y Acad Sci 1959; 80: 522-32.

increases the endoneurial fluid pressure and influences Nngelow WG. The microcirculation. Some physiological and

through constriction of the transperineurial microcirculation phijosophical observations concerning the peripheral vascular
(Beggset al, 1991; Kalichman and Myers, 1991; Myers system. Can J Surg 1964; 7: 237-50.

et al, 1991). It is of importance that oedematous nerves have. low WG. Lind WK G d WE. Hvpothermia: it
been noted to be susceptible to ischaemic injury (Myer Igetow » Hinasay , 'oreenwoo - rypothermia: 1t

- - ossible role in cardiac surgery. An investigation of factors governing
et al, 1986), perhaps in part as a result of |ncrease(£urviva| in dogs at low body temperature. Ann Surg 1950; 132:

intercapillary distances in the endoneurium (Lewal,, 1985; g9 66
McManis et al., 1986).

It has been suggested that suspension of axoplasm%aCkWOOd W. Studies in the pathology of human ‘immersion foot'.
transport plays an important role in the pathogenesis of nervg" J Surg 1944a; 31: 329-50.
cold injury (Lewis and Moen, 1952; Sayest al, 1960; Blackwood W. Injury from exposure to low temperature: pathology.
Basbaum, 1973; Nukadet al, 1981; Kennett and Gilliatt, Br Med Bull 1944b; 2: 138—-41.
1991a, b). There are now many studies which show that lowgjackwood W, Russell H. Experiments in the study of immersion
temperature blocks or slows axoplasmic transport (Fernandegot, Edin Med J 1943; 50: 385-98.

et al, 1970; Grafsteiret al, 1972). Axoplasmic arrest is ) . .
latteis CM, Horvath SM. Renal, cardiovascular and respiratory

seen in mammalian peripheral nerve between 0°C and 10° o ) . i ;
. . responses and their interrelations during hypothermia. Am J Physiol
but transport resumes with nerve rewarming after cold- 958 192- 35763

blocks lasting up to 22 h (Ochs and Smith, 1975). Arreste

axoplasmic transport has been shown to fully recover afteBond TP, Derrick JR, Guest MM. Microcirculation during

7 h of anoxia without evidence of axonal degeneration (Leon&YPothermia. High speed cinematograph studies. Arch Surg 1964;
and Ochs, 1978). On this eviden@e3 hblockade of axonal 89: 887-90.

flow would not account for the severe axonal degeneratiomuckels LJ, Gill KA Jr, Anderson GT. Prophylaxis of warm-water-
seen in this hypothermic study. immersion foot. JAMA 1967; 200: 681-3.

. We_cor_1c|ude frqm the _results of thisf p_eripheral NeVecarter JL, Shefner JM, Krarup C. Cold-induced peripheral nerve
investigation that ischaemia plays a principal role in thegamage: involvement of touch receptors of the foot. Muscle Nerve
pathology of non-freezing cold injury. 1988; 11: 1065-9.

Chandler KW, Rozas CJ, Kory RC, Goldman AL. Bilateral
diaphragmatic paralysis complicating local cardiac hypothermia
Acknowledgements during open heart surgery. Am J Med 1984; 77: 243-9.

We wish to thank Mr Ken Miller for helpful advice regarding Chopra JS, Hurwitz LJ. Internodal length of sural nerve fibres in
the photography of vasa nervorum and Dr Alex Dempstekhronic occlusive vascular disease. J Neurol Neurosurg Psychiatry
for stimulating discussions. 1967; 30: 207-14.

Dahlin LB, Shyu BC, Danielsen N, Andersson SA. Effects of nerve
compression or ischaemia on conduction properties of myelinated
and non-myelinated nerve fibres. An experimental study in the

Ames A 3d, Wright RL, Kowada M, Thurston JM, Majno G. rabbit common peroneal nerve. Acta Physiol Scand 1989; 136:

Cerebral ischemia. Il. The no-reflow phenomenon. Am J PathoP7_105'
1968; 52: 437-53. Delin NA, Pollock L, Kjartansson KB, Schenk WG. Cardiac

References



644 J. Jia and M. Pollock

performance in hypothermia: an experimental study of left Graham DI, de Jesus PV, Pleasure DE, Gonatas NK. Triethyltin
ventricular power, oxygen consumption, and efficiency in dogs. Julfate-induced neuropathy in rats. Electrophysiologic, morphologic,
Thorac Cardiovasc Surg 1964; 47: 774-90. and biochemical studies. Arch Neurol 1976; 33: 40-8.

Denny-Brown D, Adams RD, Brenner C, Doherty MM. The Greene R. Frostbite and kindred ills. Lancet 1941; 2: 689-93.
pathology of injury to nerve induced by cold. J Neuropathol Exp

Neurol 1945: 4: 305-23. Greene R. The immediate vascular changes in true frostbite. J Path

Bact 1943; 55: 259-67.
Ditzel J. Relationship of blood protein composition to |ntravascularFrifﬁn JW, Price DL, Engel WK, Drachman DB. The pathogenesis

erythrocyte aggregation (sludged blood). Clinical and experimental . ol
studies. Acta Med Scand 1959: 164 Suppl 343: 1-63. of reactive axonal swellings: role of axonal transport. J Neuropathol

Exp Neurol 1977; 36: 214-27.
Drez D, Faust DC, Evans JP. Cryotherapy and nerve palsy. Am

Sports Med 1981; 9: 256-7. ériﬁiths IR, Duncan ID. Ischaemic neuromyopathy in cats. Vet Rec

1979; 104: 518-22.

El?lungér;g ;\AWF' Gangrene from exposure to cold. Br J Surg 19645, ,5qman R, Lewis FJ. The effect of cooling and low molecular

weight dextran on blood sludging. J Surg Res 1964; 4: 360-2.

Eames RA, Lange LS. Clinical and pathological study of ischaemiq_k)f.nmln PN, Griffin JW, Price DL. Control of axonal caliber by
neuropathy. J Neurol Neurosurg Psychiatry 1967; 30: 215-26. neurofilament transport. J Cell Biol 1984; 99: 705-14.

Eckstein RW, Book D, Gregg DE. Blood viscosity under different Hoffman PN, Lasek RJ, Griffin JW, Price DL. Slowing of the
experlmen.tal conditions and its effect on blood flow. Am J Physiol 34| transport of neurofilament proteins during development. J
1942; 135: 772-5. Neurosci 1983; 3: 1694-700.

Efthimiou J, Butler J, Woodham C, Benson MK, Westaby S.j,qe JR, Haroutunian LM, Folse R. Hypothermic myocardial

Diaphragm paralysis following cardiac surgery: role of phre“icoxygenation. Am J Physiol 1957; 190: 57-62.
nerve cold injury. Ann Thorac Surg 1991; 52: 1005-8. '
Kalichman MW, Myers RR. Transperineurial vessel constriction in

Eiseman B, Spencer FC. Effect of hypothermia on the flowa, edematous neuropathy. J Neuropathol Exp Neurol 1991; 50:
characteristics of blood. Surgery 1962; 52: 532-44. 408-18.

Fahraeus R. The suspension-stability of the blood. Acta Med Scanfennett RP, Gilliatt RW. Nerve conduction studies in experimental
1921; 55: 1-228. non-freezing cold injury: I. Local nerve cooling. Muscle Nerve
Fernandez HL, Huneeus FC, Davison PF. Studies on the mechanish?91&; 14: 553-62.

of axoplasmic transport in the crayfish cord. J Neurobiol 1970; 1ikennett RP, Gilliatt RW. Nerve conduction studies in experimental
395-409. non-freezing cold injury: Il. Generalized nerve cooling by limb
Friede RL, Samorajski T. Axon caliber related to neurofilamentsMmersion. Muscle Nerve 1991b; 14: 960-7.

and microtubules in sciatic nerve fibers of rats and mice. Anat Re&ondo Y, Turner MD, Bebin J, Hardy JD. Body responses and

1970; 167: 379-87. recovery after two and one-half hour hypothermic circulatory arrest.

Friedman NB. The pathology of trench foot. Am J Pathol 1945;Surgery 1974; 76: 439-46.

21: 387-433. Kopf GS, Mirvis DM, Myers RE. Central nervous system tolerance
to cardiac arrest during profound hypothermia. J Surg Res 1975;

Fujimura H, Lacroix C, Said G. Vulnerability of nerve fibres to =
ischaemia. A quantitative light and electron microscope study. Brair?‘& 29-34.
1991, 114: 1929-42. Korthals JK, Wisniewski HM. Peripheral nerve ischemia. Part 1.

Fukusumi H, Adolph RJ. Effect of dextran exchange upon theExperlmentaI model. J Neurol Sci 1975; 24: 65-76.
immersion hypothermic heart. J Thorac Cardiovasc Surg 1970; 5%orthals JK, Korthals MA, Wisniewski HM. Peripheral nerve
251-63. ischemia: Part 2. Accumulation of organelles. Ann Neurol 1978; 4:

Gelin LE, Lofstrom B. A preliminary study on peripheral circulation 487-98.

during deep hypothermia. Observations on decreased suspensigewada M, Ames A 3d, Majno G, Wright RL. Cerebral ischemia.
stability of the blood and its prevention. Acta Chir Scandinav 1955;|. An improved experimental method for study; cardiovascular
108: 402—-4. effects and demonstration of an early vascular lesion in the rabbit.

Gelin LE, Zederfeldt B. Experimental evidence of the significance‘] Neurosurg 1968; 28: 150-7.

of disturbances in the flow properties of blood. Acta Chir Scandinawuhn LA, Turner JK. Alterations in pulmonary and peripheral
1961; 122: 336-42. vascular resistance in immersion hypothermia. Circ Res 1959; 7:

Goodyer AVN. Effects of hypothermia and pyrexia on left ventricular 366-74.

function in the intact animal. Am J Cardiol 1965; 15: 206-12. Lake NC. An investigation into the effects of cold upon the body.

Grafstein B, Forman DS, McEwen BS. Effects of temperature OnLancet 1917 2: 557-62.

axonal transport and turnover of protein in goldfish optic system. Large A, Heinbecker P. Nerve degeneration following prolonged
Exp Neurol 1972; 34: 158-70. cooling of an extremity. Ann Surg 1944; 120: 742-9.



Cold neuropathy 645

Leone J, Ochs S. Anoxic block and recovery of axoplasmic transport Nukada H, Pollock M, Allpress S. Experimental cold injury to
and electrical excitability of nerve. J Neurobiol 1978; 9: 229-45. peripheral nerve. Brain 1981; 104: 779-811.

Lewis T. Observations on some normal and injurious effects of coldNukada H, Dyck PJ, Low PA, Lais AC, Sparks MF. Axonal
upon the skin and underlying tissues. |. Reactions to cold, andaliber and neurofilaments are proportionately decreased in galactose
injury of normal skin. BMJ 1941; 2: 795-7. neuropathy. J Neuropathol Exp Neurol 1986; 45: 140-50.

Lewis RB, Moen PW. Experimental immersion leg. Am J Med Sci Nukada H, Powell HC, Myers RR. Perineurial window:
1952; 224: 529-39. demyelination in nonherniated endoneurium with reduced nerve

A . . . _blood flow. J Neuropathol Exp Neurol 1992; 51: 523-30.
Lofstrom B. Induced hypothermia and intravascular aggregation.

Acta Anaesthesiol Scand 1959; Suppl 3: 1-19. Ochs S. Local supply of energy to the fast axoplasmic transport

- . . mechanism. Proc Natl Acad 8d S A 1971; 68: 1279-82.
Lofstrom B, Zederfeldt B. Effects of induced hypothermia on wound

healing-an experimental study in the rabbit. Acta Chir ScandinavOchs S, Smith C. Low temperature slowing and cold-block of fast
1957; 112: 152-9. axoplasmic transport in mammalian nerves in vitro. J Neurobiol

N . . 1975; 6: 85-102.
Lofstrom B, Zederfeldt B. Effect of heparin on intravascular

aggregation in induced hypothermia. Acta Chir Scandinav 19590Isson Y. Mast cells in the nervous system. [Review]. Int Rev
116: 163-6. Cytol 1968; 24: 27-70.

Long DM Jr, Folkman MJ, McClenathan JE. The use of low Payne R. Lessons of the Falklands. World Med 1984; 17: 26-7.
molecular weight dextran in extracorporeal circulation, hypothermia

and hypercapnia. J Cardiovasc Surg 1963 4: 617—41. Pories WJ, Harris PD, Hinshaw JR, Davis TP, Schwartz Sl. Blood

sludging: an experimental critique of its occurrence and its supposed
Low PA, Nukada H, Schmelzer JD, Tuck RR, Dyck PJ. Endoneurialeffects. Ann Surg 1962; 155: 33-41.
oxygen tension and radial topography in nerve edema. Brain Rea

1085: 341: 147-54. ichards RL. Injury from exposure to low temperature: clinical

features, prevention, treatment. Br Med Bull 1944; 2: 141-2.
Low PA, Lagerlund TD, McManis PG. Nerve blood flow and
oxygen delivery in normal, diabetic, and ischemic neuropathy.
[Review]. Int Rev Neurobiol 1989; 31: 355-438.

Rittenhouse EA, Ito CS, Mohri H, Merendino KA. Circulatory
dynamics during surface-induced deep hypothermia and after cardiac
arrest for one hour. J Thorac Cardiovasc Surg 1971; 61: 359-69.

!_undborg G'. Ischemic nerve injury. Experimental stud!es O"Rodbard S, Saiki H, Malin A, Young C. Significance of changes in
intraneural microvascular pathophysiology and nerve function in a U -
lasma and extracellular volumes in induced hyperthermia and

limb subjected to temporary circulatory arrest. Scand J Plast Reconsfr . . . . B
Surg 1970: Suppl 6: 3-113. %ypothermla. Am J Physiol 1951; 167: 485-98.

Rundquist I, Smith QR, Michel ME, Ask P, Oberg PA, Rapoport

Lundborg G. Structure and function of the intraneural microvesselss -
. . I. Sciatic nerve blood flow measured by laser Doppler flowmetry
as related to trauma, edema formation, and nerve function. J Bong

Joint Surg Am 1975; 57; 938-48, and [14Cliodoantipyrine. Am J Physiol 1985; 248: H311-7.
Sachs D, Derry GH, Krumhaar D, Lee WH, Maloney JV. Chemical
and hypothermic inhibition of intravascular sludging in
extracorporeal circulation. Ann Surg 1964; 160: 183-8.

Lynch HF, Adolph EF. Blood flow in small blood vessels during
deep hypothermia. J Appl Physiol 1957; 11: 192-6.

McManis PG, Low PA, Yao JK. Relationship between nerve bloo
flow and intercapillary distance in peripheral nerve edema. Am
Physiol 1986; 251: E92-7.

dJSayen A, Meloche BR, Tedeschi GC, Montgomery H. Experimental
immersion foot: observations in the chilled leg of the rabbit. Clin
Sci 1960; 19: 243-56.

Myers RR, Hec_kman .HM'. Effe_cts Of local an_esthe5|a_ on m_erveSemsarian C. Cold exposure, frostbite and acute cerebral infarction.
blood flow: studies using lidocaine with and without eplnephrlne.Aust N Z J Med1994: 24: 217

Anesthesiology 1989; 71: 757-62. T '

Smith JL, Ritchie J, Dawson J. Clinical and experimental

Myers RR, Murakami H Powe_ll HC. Rec_iuced nerve .bIOOd fI_ow "N observations on the pathology of trench frostbite. J Path Bact 1915a;
edematous neuropathies: a biomechanical mechanism. Microvasgy. 15 oq

Res 1986; 32: 145-51.

Smith JL, Ritchie J, D J. On th thol f t h frost-
Myers RR, Heckman HM, Galbraith JA, Powell HC. Subperineurial birt?el Lanéet 'f;llgb-’z. 2‘3;83 n the pathology ot trench 1ros

demyelination associated with reduced nerve blood flow and oxygen
tension after epineurial vascular stripping. Lab Invest 1991; 65Stats D, Bullowa JGM. Cold hemagglutination with symmetric
41-50. gangrene of the tips of the extremities: report of a case. Arch Int

Med 1943; 72: 506-17.
Nesbitt JA, Acland RD. Histopathological changes following

removal of the perineurium. J Neurosurg 1980; 53: 233-8. Sturkie PD. Effects of hypothermia upon the specific gravity and

. ' proteins of the blood of chickens. Am J Physiol 1947; 148: 610-3.
Nukada H, Dyck PJ. Decreased axon caliber and neurofilaments |P1 y

hereditary motor and sensory neuropathy, type I. Ann Neurol 1984; Sunderland S. The connective tissues of peripheral nerves. Brair
16: 238-41. 1965; 88: 841-54.



646 J. Jia and M. Pollock

Suzuki M, Penn I. A reappraisal of the microcirculation during Warren BA, Bono AH de. The ultrastructure of initial stages of
general hypothermia. Surgery 1965; 58: 1049-60. platelet aggregation and adhesion to damaged vessel wallgo.

Takeuchi M, Low PA. Dynamic peripheral nerve metabolic and Br J Bxp Pathol 1970; 51: 415-22.

vascular responses to exsanguination. Am J Physiol 1987; 253\eller RO, Bruckner FE, Chamberlain MA. Rheumatoid
E349-53. neuropathy: a histological and electrophysiological study. J Neurol

Tsukita S, Ishikawa H. The movement of membranous organelleyeuroSurg Psychiatry 1970; 33: 592-604.

in axons. Electron microscopic identification of anterogradely andwells RE Jr. Rheology of blood in the microvasculature. N Engl J
retrogradely transported organelles. J Cell Biol 1980; 84: 513-30.Med 1964; 270: 832-9.

Ungley CC, Blackwood W. Peripheral vasoneuropathy after chillingxy D, Pollock M. Experimental nerve thermal injury. Brain 1994;
‘immersion foot and immersion hand’. Lancet 1942; 2: 447-51. 117: 375-84.

Virgilio RW, Long DM, Mundth ED, McClenathan JE. The effect zarins CK, Skinner DB. Circulation in profound hypothermia. J
of temperature and hematocrit on the viscosity of blood. Surgensyrg Res 1973; 14: 97-104.

1964; 55: 825-30.

Vital A, Vital C. Polyarteritis nodosa and peripheral neuropathy.
Ultrastructural study of 13 cases. Acta Neuropathol (Berl) 1985;Received August 13, 1996. Revised October 29, 1996.
67: 136-41. Accepted November 22, 1996



