
ABSTRACT: Hand-transmitted vibration from powered-tools can cause
peripheral vasospasm and neuropathy. A rat-tail model was used to inves-
tigate whether the pattern of vibration influenced the type and severity of
tissue damage. The tails of awake rats were vibrated continuously or inter-
mittently for a total of 4 hours at 60 HZ, 49 m/s2. Nerves and arteries were
harvested immediately or 24 hours after treatment. Tails subjected to inter-
mittent vibration showed transiently increased sensitivity to thermal stimuli.
Intermittent vibration caused the most nerve injury immediately and 24 hours
after vibration. Continuous vibration invoked a persistent reduction in vas-
cular lumen size. Compared to epinephrine-induced transient vacuolation in
vascular smooth muscle cells, both continuous and intermittent vibration
caused greater persistence of vacuoles, indicating a vibration-induced
pathological process. All vibration groups exhibited elevated nitrotyrosine
immunoreactivity indicative of free-radical damage. Pattern of vibration ex-
posure may exert a major influence on the type of vibration injury.
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Hand–arm vibration syndrome (HAVS) is a second-
ary form of Raynaud’s phenomenon with cold-trig-
gered vasospastic episodes of the digits and periph-
eral neuropathy. The strong association between
occupational powered-tool usage and development
of HAVS is well established.2,18 There is a paucity of
information about the early molecular and cellular
events underlying the evolution of HAVS, which hin-
ders the development of detection and prevention
measures. In our rat-tail vibration model, exposure
to 4 h of continuous vibration at 30, 60, and 120 Hz
caused vasoconstriction and vacuole formation in
smooth muscle and endothelial cells of the rat-tail
artery.6,7 These changes are similar to the effect of
exogenous application of potent vasoconstrictors,
epinephrine and norepinephrine, on medium to
small resistance arteries.8,14,20 Joris et al. proposed
that the process of smooth-muscle vacuole formation

is a normal physiological response of arteries to in-
tense vasoconstriction and that this may become
pathological if the vacuoles detach from cells, result-
ing in loss of cell membrane and content.13 It is
unknown whether greater numbers of vibration-
induced vacuoles in the rat-tail artery persist for
longer than those vacuoles generated by epineph-
rine treatment.

Depending on the task and tool, the pattern of
powered-tool use during the workday varies, ranging
from a few minutes to hours, with episodic breaks.
The effects of pattern of hand-transmitted vibration
on arteries and nerves have not been well character-
ized. However, it is believed that taking frequent
breaks is beneficial and results in less harm than
continuous exposure to vibration over long periods.
Human studies have demonstrated that both contin-
uous and intermittent vibration reduces digital
blood flow.5,15 For intermittent exposure, the reduc-
tions in blood flow were of similar magnitude for
each repeated period of vibration, leading the inves-
tigators to suggest that pattern of exposure is un-
likely to influence vibration injury.5,15 To our knowl-
edge, no animal models of hand–arm vibration have
compared the effects of intermittent and continuous
vibration on tissue injury.
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The European Union Directive 2002 defined a
daily vibration exposure limit of 5.0 m/s2 rms and
vibration action limit of 2.5 m/s2 rms to protect
workers against hand–arm vibration injury. The cal-
culations utilized frequency-weighted acceleration
values, as defined by the International Organization
for Standardization (ISO 5348-1 and 5349-2). Griffin
and others have challenged frequency-weighting as
underemphasizing the damaging effects of higher
frequencies.12 Using the rat-tail vibration model, we
previously reported arterial structural damage when
vibrated at 30, 60, 120, and 800 Hz at a constant
acceleration of 49 m/s2 equivalent to A (8) values of
18.5, 9.2, 4.6, and 0.7 m/s2, respectively.7 The most
damaging among the different frequencies tested
was 60 Hz. The present study examined the morpho-
logical damage to arteries and nerves immediately
and 24 h following continuous and intermittent vi-
bration at 60 Hz and provided evidence that pattern
dramatically influences vibration injury.

METHODS

Animal Groups. Male Sprague–Dawley rats (303 �
12 g) were randomly assigned to five groups (n �
7/group): nonvibrated sham-vibration control; con-
tinuous vibration with immediate sampling; contin-
uous vibration with sampling at 24 h after treatment;
intermittent vibration with immediate sampling; and
intermittent vibration with sampling at 24 h after
treatment. The tails of the vibrated animals were
exposed to 4 h of cumulative vibration at 60 Hz, with
49-m/s2 acceleration (unweighted) delivered either
continuously or intermittently (cycles of 10-min vi-
bration followed by 5-min rest). For all rats, tail
reflex withdrawal times to noxious heat stimulation
were measured before, immediately after, and 24 h
after vibration. Sham control rats were put into the
rat-tail vibration apparatus for 4 h but not vibrated.6

Rats were removed from the apparatus and tested for
tail-flick reflex latency times within 5 min of cessa-
tion of vibration. Three tail-flicks were timed and
averaged for each time-point. Rats in the continuous
24-h and intermittent 24-h postvibration groups were
returned to vivarium housing for 24-h recovery be-
fore repeat tail-flick testing.

An additional 17 rats, weighing 274 � 17 g, were
anesthetized. Their proximal tail skin was incised to
expose the ventral tail artery, which was exogenously
treated with 1 mM epinephrine (n � 11) in Hank’s
physiological solution (Gibco, Grand Island, New
York) or vehicle (n � 6) for 15 min. The concentra-
tion of epinephrine was based on a similar, previ-
ously published study addressing the efficacy of ex-

ogenous epinephrine in inducing vacuolation in the
rat-tail artery.8 Arteries from 5 rats treated with epi-
nephrine and all 6 rats treated with vehicle were
harvested immediately. The remaining 6 epineph-
rine-treated animals were processed 24 h later.

Animal treatment, surgical interventions, and
husbandry procedures were approved by our institu-
tional animal care committee and complied with the
Laboratory Animal Welfare Act.

Behavioral Evaluation and Tissue Processing. Rats in
the vibration apparatus were observed for signs of
stress and scored as follows: 1, unilateral periocular
porphyrin (reddish-black discoloration of fur caused
by secretions from the eye); 2, bilateral porphyrin; 1,
loose stool; 1, excessive grinding of teeth. A total
score of 4 indicated the highest stress, and 0 repre-
sented no signs of stress.

For tissue harvest, rats were deeply anesthetized
by intramuscular injection of a mixture of ketamine
(72 mg/kg), xylazine (12 mg/kg), and aceproma-
zine (0.09 mg/kg), and tail segments 5–8 were ex-
cised. Segments 5, 6, and 8 were immersion-fixed in
4% paraformaldehyde for 2.5 h at room temperature
before ventral arteries and nerves were removed.
The fixed tissues were cryoprotected at 20°C in a
graded series of buffered sucrose (10% for 20 min,
20% for 45 min, and 30% at 5°C for 24 h), quick
frozen in Freon 22, and stored in liquid nitrogen for
light microscopy. Segment 7 was immersion-fixed in
4% glutaraldehyde and 2% paraformaldehyde for
2.5 h at room temperature for electron microscopy.
Arteries and nerves were removed and postfixed with
1.3% osmium tetraoxide before standard embed-
ding in epoxy resin.

Tissue Staining and Analysis. Semithin epoxy sec-
tions (0.5 �m) of arteries and nerves were cut with
glass knives, stained with toluidine blue, and digitally
imaged for morphometric analyses. Artery lumen
size was expressed as the ratio of the lumen circum-
ference to internal elastic membrane length � 100
using version 1.28 Image J software (National Insti-
tutes of Health, Bethesda, Maryland).7,8,11 The total
number of vacuoles (2–12 �m in size) in the endo-
thelial and smooth muscle cell layers was counted in
each artery cross-section.7,8

The total numbers of myelinated fibers in full,
semithin cross-sections of tail nerves were counted.
The percentage of disrupted myelinated axons per
nerve showing abnormally intense toluidine blue stain-
ing and focal areas of thickening of the myelin sheath
were quantitated using the Image J program. Intra-
neural edema was defined as an increase above the

198 Vibration Pattern MUSCLE & NERVE August 2006



sham-vibration in the interstitial space between myelin-
ated axons in semithin cross-sections of nerves. Inter-
stitial area was defined by employing the exclusion
thresholding procedure of MetaMorph 5.2 (Universal
Imaging Corp., West Chester, Pennsylvania).

For higher resolution of structural changes in ar-
teries and nerves, selected regions in the semithin sec-
tions were thin-sectioned (�70 nm), picked up on
grids, heavy metal–contrasted, and examined with a
JEOL 100 CXII electron microscope.

Frozen tissues were used for immunohistochem-
ical detection of nitrated tyrosines using anti-nitro-
tyrosine antibodies (1:250; Upstate, Lake Placid,
New York) on 6-�m cryostat sections of arteries.
Biotin-tagged secondary antibodies and Alexa flu-
or-455 streptavidin tertiary reagents (Molecular
Probes, Eugene, Oregon) were used to visualize the
signal. Primary antibody was omitted for the negative
control, and other sections were treated with per-
oxynitrite before immunostaining to provide a posi-
tive control.

Statistical Analysis. A one-way analysis of variance
(ANOVA) followed by Newman–Keuls pairwise test
and Student’s t-test were used to compare means of
the different groups. Differences were considered
significant at P � 0.05. Values are presented as
mean � SEM.

RESULTS

Behavioral Observations. Intermittent vibration
caused an average stress level of 1.7 � 0.3. The animals
exhibited a startle reflex with brief vocalization at the
onset of each bout of vibration. The duration of vocal
response increased with time, suggesting growing dis-
comfort over the 4 h of cumulative exposure. Immedi-
ately after vibration, there was hypersensitivity and vo-
calization to light touch of the tail. The hypersensitivity
was absent 24 h later. The level of stress in rats after
continuous vibration was 0.2 � 0.1, and there was no
hypersensitivity. None of the sham-vibrated animals
showed signs of stress. When compared to the sham,
there were no changes in tail-flick response times after
continuous vibration exposure (sham, 3.1 � 0.1 s; con-
tinuous immediate, 3.0 � 0.1 s; and continuous 24-h
survival, 3.1 � 0.1 s). Intermittent vibration signifi-
cantly reduced tail-flick response times by 20% imme-
diately after vibration (2.4 � 0.1 s), indicating thermal
sensitization. Response time returned to preexposure
level 24 h after intermittent exposure (3.1 � 0.2 s).

Changes in Arteries. Immediately following 4 h of
continuous vibration, arterial lumen size (38.1 �
2.5) was significantly smaller than in the sham-vi-
brated animals (49.0 � 4.2) (Figs. 1a and b and 2a).
Remarkably, lumen size at 24 h after continuous

FIGURE 1. Semithin cross-sections of ventral-tail arteries stained with toluidine blue. Compared to the nonvibrated sham (a), the lumen size
is smaller for the continuously vibrated rats processed immediately (b) and 24 h after vibration (c). Arteries vibrated intermittently and sampled
either immediately (illustrated) or 24 h later do not have smaller lumens (d). Epinephrine causes a decrease in lumen size immediately after
application (e). The arteries are dilated 24 h after epinephrine application (f). SMC, smooth-muscle cells. Bar in a is 40 �m for all panels.

Vibration Pattern MUSCLE & NERVE August 2006 199



vibration (40.3 � 3.4) remained smaller than in the
sham-vibrated group (Figs. 1a, c and 2a). Intermit-
tent vibration did not alter lumen size from sham,
either immediately (49.6 � 2.7) or 24 h after vibra-
tion (48.9 � 5.1) (Figs. 1a, d and 2a). Exogenous
application of Hank’s physiological solution did not
alter lumen sizes when compared to sham-vibration
and did not cause vacuoles in the endothelial or
smooth muscle cells. Arteries had the smallest lumen
sizes (28.3 � 3.5) immediately after epinephrine
application (Fig. 1e). In contrast to continuous vi-
bration, epinephrine-treated arteries were dilated at
24 h, with lumen sizes averaging 60.9 � 6.9 (Fig. 1f).

Although all vibration groups demonstrated
vacuoles in the endothelial and smooth-muscle cells,
arteries harvested immediately after continuous vi-
bration had a significantly (P � 0.05) higher total
number (endothelial and smooth muscle) of vacu-

oles (76.1 � 16.1) than the sham-vibrated group
(6.1 � 1.9), intermittent vibration group sampled
immediately (24.8 � 12.3), or the groups studied
24 h after continuous (31.3 � 10.9) or intermittent
vibration (26.0 � 13.0) (Fig. 2b).

The greatest numbers of endothelial vacuoles
were observed after continuous vibration (immedi-
ate, 26.5 � 10.1; 24 h after, 7.3 � 4.1) and epineph-
rine treatment (immediate, 13.5 � 3.9; 24 h after,
5.6 � 2.7). Intermittent groups demonstrated very
few (immediate, 3.3 � 2.6; 24 h after, 4.3 � 1.5)
endothelial vacuoles.

Epinephrine caused the largest number of
smooth-muscle cell vacuoles immediately after appli-
cation, whereas intermittent vibration generated
fewer vacuoles than continuous vibration immedi-
ately after exposure (Table 1). When allowed to
recover for 24 h, 48% of vacuoles in the smooth
muscle persisted after continuous vibration, as op-
posed to only 18% of epinephrine-induced vacuoles
(Table 1). For intermittent vibration, there was no
reduction in vacuole numbers (endothelial and
smooth muscle) when allowed to recover for 24 h
(Table 1).

Arteries in all four vibrated groups exhibited
higher immunoreactivity than the sham-vibrated
group for nitrotyrosine moieties (Fig. 3). The immu-
nolabeling was present in both the endothelial and
smooth-muscle cell layers (Fig. 3b–e). Omission of
the primary antibody reduced immunostaining to
the sham control level. Peroxynitrite treatment of
sham-vibrated sections generated positive immuno-
staining in the endothelial and smooth-muscle cells
(data not shown).

Myelinated Axon Changes. On average, there were
1223 � 145 myelinated axons in the tail nerves at the
level of segment C7. In semithin sections of the
sham-vibrated rats, the myelin was uniformly stained
(Fig. 4a). Myelinated axons stained darker with to-
luidine blue after both patterns of vibration. An
example from the intermittent group sampled im-
mediately is shown in Figure 4b. Ultrastructural anal-

FIGURE 2. Lumen size and vacuole numbers in arteries. (a)
Arterial lumen size is the ratio of lumen circumference to internal
elastic membrane length � 100. Immediately and 24 h after
continuous vibration, vascular lumen size is significantly smaller
(*P � 0.05) compared to sham and intermittent vibration groups.
(b) All vibration groups have significantly higher total numbers of
vacuoles (endothelial and smooth muscle) compared to the
sham-vibration group (*P � 0.05). The group sampled immedi-
ately after continuous vibration has a significantly (†P � 0.05)
higher total number of vacuoles compared to the other vibration
groups.

Table 1. Smooth-muscle cell vacuoles in arteries.

Groups Immediate 24 hours after exposure

Continuous vibration 49.6 � 11.4 24.0 � 10.9*
Intermittent vibration 21.5 � 11.5 21.8 � 11.7
Epinephrine treatment 140.3 � 34.7 25.7 � 10.5†

For each treatment, vacuole numbers are compared immediately and after
24 h. Vacuole numbers decreased significantly 24 h after continuous
vibration (*P � 0.05) and epinephrine treatment (†P � 0.01) but remained
unchanged after intermittent vibration.
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ysis of myelinated fibers in the sham-vibration group
showed predominantly compact packing of myelin
membrane layers (Fig. 4c). Disrupted myelinated
fibers in the vibrated groups showed focal areas of
widening and delaminating in the myelin sheath
(Fig. 4d). The decompacted myelin had increased
intermembrane area for toluidine blue staining in
semithin cross-sections and, most likely, accounted
for the darker staining of disrupted fibers. Intermit-
tent vibration generated significantly more axons
with disrupted myelin (47.0 � 1.9%) than continu-
ous (28.6 � 1.7%) when sampled immediately after
vibration (Fig. 5a). Twenty-four hours later, the per-
centage of disrupted fibers was unchanged in the
intermittent vibration group (45.3 � 5.7%) but that
in the continuous vibration group had increased to
36.2 � 1.8% (Fig. 5a).

Immediately after continuous vibration, the in-
terstitial area between the myelinated fibers was not
significantly different from the sham-vibrated group
(continuous vibration, 8.4 � 1.3 �m2; sham-vibra-
tion, 8.9 � 4.4 �m2). The intermittent-immediate
group demonstrated significantly greater interstitial
area between myelinated axons (26.0 � 3.7 �m2),
indicative of edema. Both patterns demonstrated
significant edema 24 h after exposure (continuous
vibration, 25.3 � 5.5 �m2; intermittent vibration,
25.4 � 3.4 �m2) (Figs. 4b, d and 5b).

DISCUSSION

Effects of Vibration on the Artery. Blood-flow
changes and vascular morphology in both human
and animal models indicate that short durations
(�30 min) of vibration cause vasoconstriction, with
resumption of blood flow immediately after cessa-
tion of vibration.3,4,6,21 In the rat-tail model, arteries
harvested immediately and 24 h after a 4-h bout of
continuous vibration had lumen sizes smaller than in
the sham-vibrated group. A 15-min application of
epinephrine produced intense vasoconstriction, in
excess of that induced by vibration; but, when al-

lowed to recover for 24 h, epinephrine-treated arter-
ies dilated. Pharmacologically induced vasoconstric-
tion of a short duration, such as 5 min, is readily
reversible on removal of the stimulus, but continu-
ous vasoconstriction for 4 h is not.16 Remodeling of
the vascular smooth muscle in response to pro-
longed vasoconstriction prevents vasodilation.16 Per-
sistence of small lumens 24 h after vibration is con-
sistent with this finding, indicating that the vibration
effects last at least 1 day and that the artery adapts to
maintain a smaller lumen. When vascular smooth-
muscle cells contract and shorten for long periods,
they reorganize their focal adhesions and increase
overlap with adjacent smooth-muscle cells to main-
tain the smaller lumen while returning to precon-
striction cell length.16 A 5-min constriction is not
long enough for remodeling, whereas a 4-h sus-
tained vasoconstriction is. The persistence of smaller
lumens after 4 h of continuous vibration indicates
that the artery remained constricted throughout vi-
bration exposure and remodeled. In contrast, vascu-
lar lumen sizes in animals treated with intermittent
vibration were not different from those in the sham-
vibrated group. As the magnitude of blood flow re-
covery is not compromised with increasing numbers
of intermittent periods of vibration,5 the “rest inter-
vals” may have allowed reversal of vasoconstriction at
the end of each period of vibration and negated
smooth-muscle remodeling. This attribute of inter-
mittent vibration may be beneficial.

Arteries after continuous vibration and epineph-
rine treatment, which had smaller lumen sizes, had
more endothelial vacuoles than the sham-vibration
and intermittent vibration groups. Mechanical
trauma due to pinching of endothelial cells between
the tight folds of internal elastic membrane during
vasoconstriction may play a major role in vacuole
formation in the endothelium. Some of the endo-
thelial vacuoles may be enhanced subendothelial
spaces formed by osmotic damage resulting from

FIGURE 3. Anti-nitrotyrosine immunoreactivity in arteries. Compared to sham vibration (a), arteries sampled after continuous (b)
immediate, (c) 24 h after] and intermittent [(d) immediate, (e) 24 h after vibration exhibit higher immunoreactivity for nitrotyrosine. Dotted
line in (a) marks the location of the nonstained endothelium. Immunostaining is pronounced in the endothelial and smooth-muscle cell
layers. EC, endothelial cells, SMC, smooth-muscle cells. Bar in a is 50 �m for all panels.
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lifting of cells due to repeated mechanical displace-
ment of tissue during vibration.6,7

We have previously observed the presence of
double membrane-limited vacuoles within adjacent
smooth-muscle cells, formed during vibration-
induced vasoconstriction.6–8 These vacuoles are en-
visioned to protrude from the cell surface during
contraction and connect to the parent cell by a
narrow neck. The vacuoles are structurally similar to
those induced by norepinephrine.14 All the vacuoles
formed after intermittent vibration, and 48% of
those formed after continuous vibration, persisted
24 h after exposure, whereas only 18% of vacuoles
persisted 24 h after epinephrine induction without
vibration. The higher percentages of vacuoles per-
sisting after vibration exposure suggest that the re-
peated mechanical displacement of the tissue causes
breakage of the slender necks and detachment of
vacuoles from cells. The protrusions that were not
sheared off may have been resorbed into the cell
during relaxation, as proposed by Joris et al. for
norepinephrine-induced vacuoles.14 If vacuole for-

mation is a normal physiological response of con-
tracting smooth-muscle cells, vibration renders this
response pathological by causing detachment of
these processes from cells. Detachment results in loss
of the cell membrane surrounding the vacuole and
may compromise cell function. Interestingly, all
three treatments (epinephrine, continuous vibra-
tion, and intermittent vibration) yielded similar ab-
solute numbers of vacuoles in the smooth-muscle
cells 24 h after treatment (Table 1). This may be
coincidental or indicate the existence of a subpopu-
lation of smooth-muscle cells highly susceptible to
vasoconstrictive damage.

In the current study, 16 bouts of intermittent
vibration (10 min each, with 5 min for rest between
episodes) generated fewer vacuoles than continuous
vibration. We propose that smooth-muscle vacuole
formation depends on the degree and duration of
smooth-muscle contraction. If this is true, there are
several explanations for the smaller number of vacu-
oles generated during intermittent vibration. First,
intermittent vibration may not induce the same de-

FIGURE 4. Light- and electron-microscopic images of tail nerves. (a) The semithin cross-section of the tail nerve from a sham-vibrated
rat demonstrates that the myelin is evenly stained with toluidine blue, and there is very little interstitial space between nerve fibers. (b)
Following both patterns of vibration, immediately and 24 h after vibration, the myelin stains darker with toluidine blue and exhibits focal
thickening. The interstitial area is enlarged, indicating edema. An example from the intermittent vibration group sampled immediately is
illustrated. (c) At the electron-microscopic level, the myelin membranes are compact except for tiny foci of separation in the sham-vibrated
control nerves. Myelinated (MF) and nonmyelinated fibers (NMF) are closely packed. (d) Vibrated nerves immediately and 24 h after
vibration exhibit larger and more extensive areas of separation of the myelin membranes (arrows), and frequently the myelin sheaths
show decompaction (*). There is also increased interstitial space (IS) between fibers when vibrated. An example from the intermittent
vibration group sampled immediately is illustrated. Bar in a is 40 �m for a and b; bar in c is 0.5 �m for c and d.

202 Vibration Pattern MUSCLE & NERVE August 2006



gree and duration of vasoconstriction as continuous
vibration. Second, the intensity of vasoconstriction
induced by intermittent vibration may decrease pro-
gressively in later periods of vibration, due to con-
tractile fatigue. Finally, vacuoles may be resorbed
during the 5-min rest periods. Bovenzi et al. tested
cumulative exposure times of 30 min for a range of
vibration and rest periods and did not report a sig-
nificant difference in blood-flow reduction or return
of flow for continuous and intermittent exposures,
or a significant difference between the first and sub-
sequent periods of intermittent vibration.5 However,
this flow pattern may not hold true for a cumulative
exposure of 4 h. Blood-flow measurements over
longer periods of vibration are necessary to resolve
the vascular responses to the pattern of vibration.

Vibration and Free Radicals. Both patterns of vibra-
tion produced free radicals as indicated by increased
tyrosine nitration in arteries. The nitration persisted
at 24 h after vibration, consistent with it being an
irreversible chemical modification of proteins.10 De-
pending on which proteins are nitrated, this post-
translational modification may alter cell function.10

It will be of interest to determine whether any of the
vasoactive candidates, such as endothelin or endo-
thelial nitric oxide synthase, which are implicated in
the dysregulation of vascular tone in HAVS, undergo
tyrosine nitration, specifically in their receptor bind-
ing or catalytic domains. Studies are underway to
ascertain whether nitration of proteins plays a role in
vibration-induced vascular and nerve dysfunction. If
so, reduction of free radicals by antioxidant therapy
may protect against the development of HAVS.

Effects of Vibration on Behavior. In our study, rats
tolerated continuous vibration well and demonstrated
minimal signs of stress. This was expected as continu-
ous vibration is used clinically to anesthetize the skin
during minor surgical procedures.19 However, inter-
mittent vibration generated a temporary hypersensiti-
zation to thermal stimuli and touch. The underlying
mechanism for this transient sensory hypersensitivity is
not known. Vibration-induced changes in rat-tail skin
are being investigated to discern mechanoreceptor in-
volvement. It would be of interest to determine
whether the transient hypersensitivity becomes perma-
nent with continued exposure.

Effects of Vibration on Nerve. A 4-h exposure to ei-
ther pattern of vibration caused myelin decompac-
tion in the tail nerves. A similar vibration exposure
significantly reduced rat tail-nerve conduction veloc-
ities.17 Pacinian corpuscles are vibroreceptors in the
dermis of the skin. Their afferent innervation is with
A� myelinated axons. Thermoreceptor and nocicep-
tor afferents are small myelinated (A�, A�) and non-
myelinated C fibers. A portion of the damaged fibers
in the vibration-exposed tail nerves could be the
vibroreceptor, thermal, and pain afferents. This
early damage to nerves may progress with time and,
over years of tool use, lead to persistent numbness
and axon loss in HAVS. The tight wrapping of mye-
lin membranes in the peripheral nervous system is
maintained in part by homophilic binding of a cell
adhesion glycoprotein, P0.9 S-nitrosylation of the
proteolipid protein in the presence of toxic doses of
nitric oxide has been proposed to cause decompac-
tion of myelin.1 A similar modification of myelin
structural proteins in the peripheral nerve may cause
unraveling of the myelin sheath in vibration injury.
Alternatively, the repeated mechanical displacement
of nerves imparted by vibration may be the cause of
myelin disruption. Both possibilities need to be ex-
plored as possible explanations of vibration-induced
nerve damage.

This work was supported by the Medical College of Wisconsin and
in part by NIOSH Grant R01 OH003493. This study was presented

FIGURE 5. Myelin disruption and interstitial edema in nerves. (a)
The vibrated groups have significantly (P � 0.05) higher percent-
ages of disrupted myelinated fibers than the sham-vibration
group. Compared to the continuous-immediate group, the per-
centages of damaged myelinated axons are significantly (†P �
0.05) higher in nerves sampled 24 h after continuous vibration
and for both intermittent vibration groups. (b) The interstitial area
between myelinated axons is significantly (*P � 0.05) greater in
the continuous 24-h–after, intermittent-immediate, and intermit-
tent 24-h–after groups compared to the sham-vibration group.
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in part at the Experimental Biology Meeting in April 2005, San
Diego, California.
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