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ABSTRACT: Introduction: Hand–arm vibration syndrome
(HAVS) is an occupational neurodegenerative and vasospastic
disorder in workers who use powered hand tools. Frequency
weighting (ISO 5349) predicts little risk of injury for frequencies
>500 HZ. Potentially damaging high frequencies abound in
impact tool–generated shock waves. Methods: A rat tail impact
vibration model was developed to deliver shock-wave vibration
from a riveting hammer to simulate bucking bar exposure. Rat
tails were vibrated continuously for 12 min. Tail flick withdrawal
times were determined for noxious heat. Nerve trunks and skin
were processed for light and electron microscopy. Results: Im-
mediately after vibration, the tails were hyperalgesic and had
disrupted myelinated axons, fragmented nerve endings, and
mast-cell degranulation. By 4 days, the tails were hypoalgesic;
nerve endings were lost in the skin. Conclusions: Shock-wave
vibration causes severe nerve damage. Frequency weighting
seriously underestimates the risk of nerve injury with impact
tools.
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Peripheral neuropathy is a major component of
hand–arm vibration syndrome (HAVS), an occupa-
tional disease that affects workers who are exposed
to vibration from hand-held power tools. Hand
and arm vibration causes tingling and numbness
in the fingers.1 Prolonged exposure to vibration
increases the severity and persistence of HAVS
symptoms.2 Most vibration disease has been linked
to non-impact power tools that have a major or
dominant frequency in the 30–250-HZ range, and
disease onset ranges from 3 to 20 years.3–7 Workers
who use impact tools can exhibit persistent HAVS
symptoms within months of exposure.8 The preva-
lence of HAVS in the aircraft industry was nearly
50% in those who had used impact riveting ham-
mers <15 min/day for 10 years.9 Increased vibro-
tactile and thermal thresholds and reduced sensory
nerve conduction velocity suggest that vibration
directly injures peripheral nerves, nerve endings,
and mechanoreceptors.10–12 Skin biopsies from
HAVS patients have shown decreased nerve fiber
density.13–15

The current international standard (ISO 5349)
sets daily vibration exposure limits by a formula
that incorporates frequency weighting. Weighting
is based on subjective data that humans feel pro-
gressively less vibration for frequencies >16 HZ.16

The formula progressively decreases risk levels so
that the measured acceleration for 1.6 kHZ is
reduced by two orders of magnitude and is consid-
ered to contribute insignificantly to risk. Frequency
weighting for risk assessment has been challenged
by many researchers whose studies indicate that it
underestimates the injury potential of higher fre-
quencies and presents a false sense of secu-
rity.2,17,18 The occurrence of neural symptoms in
dental hygienists who use high-speed drills and
scalers that generate kilohertz vibrations contra-
dicts the suggestion that high frequency is innocu-
ous, although prolonged pinch gripping and wrist
flexion are contributing ergonomic factors to car-
pal tunnel syndrome.19 Unweighted accelerations
correlate better than weighted values with vibration
disease occurrence. Although exposures in the 60–
800-HZ frequency range have been shown to cause
neuropathology, very few studies have investigated
impact vibration (shock waves), which contains
major vibration energy at kilohertz frequencies.20

For example, during riveting, the hand-held, metal
bucking bar that opposes the impacts of the ham-
mer transmits a wide bandwidth of 0.5-HZ to >8-
kHZ vibration energy to the fingers.21 Bucking bar
workers have a higher incidence of vibration white
finger vasospasm than workers who operate the riv-
eting gun (45% vs. 10%, respectively).22 In this
study we model bucking bar exposure by determin-
ing the effects on innervation of the rat tail of
impact shock vibration generated by a riveting
hammer.

METHODS

Animal Groups. Male Sprague-Dawley rats (275–
300 g) were randomly assigned to one of four
groups (n ¼ 8 per group): (1) shock 0d—vibrated
12 min followed immediately by tail flick testing,
tissue harvest, and then euthanasia; (2) shock 4d—
vibrated, tail flick tested immediately on day 0, day
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2, and day 4, tissue harvested day 4, and then eu-
thanasia; (3) sham 0d—sham-control synchronized
with shock 0d, tail flick tested, and tissue har-
vested; and (4) sham 4d—sham-control synchron-
ized with shock 4d, tail flick tested immediately on
day 0, day 2, and day 4, and then tissue harvested
(at day 4). Rats were housed in a temperature-con-
trolled room at 25�C and a 12-h/12-h light–dark
cycle. All treatments, surgical interventions, and
husbandry procedures were approved by the ani-
mal care committee of the Medical College of Wis-
consin and complied with the Laboratory Animal
Welfare Act.

Vibration Protocol. The vibration setup is shown in
Figure 1. Rats were confined within a ventilated
tube mounted to a non-vibrating platform.23 The
riveting hammer (Model RRH04P; Atlas Copco)
was stabilized in a steel frame. The hammer was
supplied with 20-psi air pressure, and the blow
cycle was 33 HZ. A fan-shaped metal impactor (tool
piece) delivered the vibration output from the
hammer to the rat tail taped to the impactor plat-
form. The position of the non-vibrating platform
was adjusted so the relaxed tail was not bent, and
the ventral surface of caudal vertebra 5 was com-
pletely on the impactor platform. The impactor
was preloaded with 40-N compression by two bun-
gee cords to trigger hammer cycling. The impactor
acceleration measured with a laser vibrometer was
�100 m/s2 rms (non–frequency-weighted).24 The

tail was vibrated by 12 min of continuous hammer
operation. The time-frame of 12 min was chosen
because it fell within the lower of the two ranges,
1–15 min9 and 60–120 min,8,22 for cumulative riv-
eting hammer use per workday. Furthermore, 12
min was considered a sufficient duration to expect
nerve damage, because a 4-min exposure to litho-
tripsy shock waves disrupts nerve fibers in rat paw
skin.25 The non-vibrating platform was separated
�1 cm from the vertically moving impactor. Dur-

ing hammer operation, the tail, impactor, and
hammer rig were enclosed within a sound reduc-
tion box to reduce noise to <85 dB. Studies with
sham control rats were run concurrently within 2
feet of the vibrated rats to control for restraint and
noise. They were treated in manner similar to that
of vibrated rats, except the tails were taped to a
non-vibrating impactor. The immediate (0d)
groups were euthanized 10–15 min after complet-
ing vibration/sham-vibration exposure and tail
flick testing. The survival groups were returned to
their cages and allowed to recover for 4 days
before tissue removal and euthanasia.

Tail Flick Response Test. In each measurement ses-
sion, the dorsal skin of the proximal tail region of
the rats in all four groups was stimulated by a nox-

ious heat lamp (EMDIE Instrument Co., Maidens,
Virginia). On the first day of vibration, each rat
was placed in a tube cage, and the time interval
for the rat to withdraw (flick) the tail away from
the heat was measured before vibration exposure
to define the individual baseline response. A pair
of vibrated and sham-vibrated rats in their individ-
ual tubes were then positioned for the 12-min
exposure to either vibration or mock vibration.
Immediately after 0d vibration or sham-vibration
exposure, the second tail flick test was performed.
The heat source was preset to maintain a constant
intensity for all rats and timed-out at 8 s to avoid
overheating injury. Tail flick testing was performed
after vibration on days 0, 2, and 4 for the treated
and sham-control rats in the survival groups.

Tissue Processing. Rats were anesthetized with ke-
tamine (72 mg/kg), xylazine (12 mg/kg), and ace-
promazine (0.09 mg/kg) injected intramuscularly.
The tail skin covering segments C5–7 was incised
ventrally to mark the region that had directly con-
tacted the vibration platform. After a complete cir-
cular incision proximal to C5, the incision margins
were gripped by two hemostats to pull the skin off
the tail as a unit. The isolated skin ‘‘tube’’ was cut
into short tubular pieces that were immersion-fixed
in 4% paraformaldehyde for 2.5 h, cryoprotected
in graded sucrose-buffered solutions, and frozen in
liquid nitrogen. Proximal tail segment 7 was
excised and immersion fixed in 4% glutaraldehyde
and 2% paraformaldehyde for 2.5 h before over-
night storage at 2�–5�C in the 0.1 M cacodylate

FIGURE 1. Rat tail model of shock-wave vibration exposure.

The awake rat is confined to the cage on the non-vibrating plat-

form with its tail taped to the top of a fan-shaped steel plate

that is vertically accelerated by a riveting hammer (Atlas

Copco). The hammer and most of the plate are enclosed in a

sound-reduction box (dotted line).
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buffer. The left and right ventrolateral nerve
trunks were removed from the segment and post-
fixed in 1.3% osmium tetroxide for 2 h before
buffer rinsing and conventional embedding in ep-
oxy-resin.20,26,27

Morphometric Analysis of the Nerve Trunks. The
embedded nerves were semithin sectioned at 0.5
lm and stained with toluidine blue for morpho-
metric analysis. The total number of myelinated
axons in each nerve cross-section was counted, and
the percentage of axons with disrupted myelin was
determined using ImageJ v1.28 software (NIH). As
in previous studies, disrupted myelin was defined
when both darker staining with toluidine blue and
two or more focal areas of widening of the myelin
were present.20,26,27 Disrupted myelinated nerve
fibers cannot be quantitated solely on the basis of
toluidine blue staining intensity. Representative
regions of the sham, shock 0d, and shock 4d
group nerves were examined at the electron-micro-
scopic level to assess nerve fiber damage. Nerve
edema was defined as an increase over sham in the
area between myelinated axons in �40 images of
semithin cross-sections of nerves.26 The interaxonal
area was measured by employing the exclusion
thresholding procedure of MetaMorph v5.2 (Uni-
versal Imaging Corp., West Chester, Pennsylvania).

Nerve fiber diameter (axon plus myelin), mye-
lin thickness, and axon diameter of the myelinated
fibers contained completely within �100 optical
fields were measured using ImageJ v1.28 software
(153 6 6 myelinated axons per rat, n ¼ 24 rats).
Non-biased selection of the measurement fields
(average 3.3 6 0.4 fields per rat) was performed by
positioning randomly with the �4 objective,
because at low magnification the details of individ-
ual nerve fibers cannot be resolved. Magnification
was then increased to the �100 objective field, and
measurements were started if the axons were ori-
ented in cross-section, large blood vessels were not
present to lower the axon count, and sectioning
artifacts were not present. From these measure-
ments, the G ratio (axon diameter divided by fiber
diameter) was calculated for each nerve fiber.28

Staining Skin Nerve Fibers, Langerhans Cells, and

Mast Cells. The frozen skin samples were cryosec-
tioned into cross-sections (40 lm thick) for incuba-
tion free floating in staining media followed by
mounting on glass slides (Fisher SuperFrost Plus).
Sections from vibrated and sham rats were stained
together in adjacent drops under identical condi-
tions to control for incubation conditions and tim-
ing. Fluorescence photomicrographs were taken
with an epifluorescence microscope (Optiphot-2;
Nikon, Tokyo, Japan) fitted with appropriate exci-
tation and barrier filters and a digital camera

(SPOT RT3; Diagnostic Instruments, Sterling
Heights, Michigan).

All nerve fibers supplying the skin were visual-
ized by pan-neuronal immunostaining with anti-
bodies against protein gene product 9.5 (PGP9.5).
PGP9.5 is advertised as a neuronal-specific, C-ter-
minal ubiquitin hydrolase that removes ubiquitin
adducts, the proteasome degradation targeting sig-
nal, from proteins.29 PGP9.5 antibodies have been
utilized to assess innervation patterns in multiple
studies of normal, injured, and diseased tis-
sues.14,25,30,31 More recently, PGP9.5 and other
neuronal proteins were shown to be expressed in
Langerhans cells.32 Langerhans cells are phago-
cytic cells in the dermis involved in skin immune
reactions, and they are intimately associated with
terminal nerve fibers.33 To distinguish PGP9.5
nerve immunostaining from Langerhans cells
immunolabeling, sections were doubled-labeled
with PGP9.5 and OX-6, a specific immunomarker
for Langerhans cells. Another major cell type in
the skin is the mast cell. Initially, we utilized a rab-
bit polyclonal antibody for PGP9.5 (Ultraclone,
UK) that required signal amplification by biotinyl-
ated secondary antibody and avidin-conjugated flu-
orophore, tertiary labeling. It is not well known
that avidin binds strongly to mast-cell granules.34

The amplification technique fluorescently labeled
both nerve fibers (PGP9.5 positive) and mast cells
(avidin-conjugated fluorophore positive), making it
difficult to characterize changes in each cell type
without the confusion from overlapping labeling.
This confounder was eliminated by switching to an
alternative, high-affinity monoclonal antibody
against PGP9.5 that was imaged with a secondary
fluorescently tagged antibody (red, DyLight 549).
After PGP9.5 immunostaining, the secretory gran-
ules of mast cells were selectively stained in drops
for 1 h at room temperature with avidin-conju-
gated AlexaFluor 488 (Invitrogen, Madison, Wis-
consin) diluted 1:1000.34

Details of Immunostaining. Immunostaining was
initiated with a blocking step solution consisting of
1� phosphate-buffered saline (PBS, pH 7.2) con-
taining either 5% normal goat serum or 5% nor-
mal donkey serum, 1% bovine serum albumin, and
0.3% Triton X-100. Free-floating sections were
immersed in drops of solutions in 1.1-cm circular
wells (75 ll) created in a Parafilm sheet cut to fit
within a 9-cm plastic Petri dish. The bottom of the
dish contained hydrated paper creating a humidi-
fied chamber, with the dish lid in place to prevent
solution drying. Samples were blocked for 1 h at
room temperature. Subsequently, free-floating sec-
tions were transferred with fine forceps to drops
containing various primary antibodies diluted in
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blocking solution and incubated at 2�–5�C in a re-
frigerator. Primary antibodies were omitted for the
negative controls. The primary antibodies used
were mouse anti-PGP9.5 at 1:1200 (MCA-BH7,
EnCor Biotechnology, Gainesville, Florida) and
mouse anti–OX-6 at 1:80 (MCA46R; AbD Serotec,
Raleigh, North Carolina). The anti-PGP9.5 anti-
body was incubated for 2 days in a refrigerator
(2�–5�C). One-day incubation was sufficient for the
OX-6 primary antibody. After primary antibody
incubation and rinsing (three times, 10 min) in
1� PBS, sections were incubated for 1 h at room
temperature in secondary fluorescent antibodies
diluted 1:400 in 1� PBS (goat anti-mouse DyLight
488 or goat anti-mouse DyLight 549). Different flu-
orescent color wavelengths were used in combina-
tions suited for double labeling with primary anti-
bodies. Fluorescently labeled structures were best
visualized as dark structures when the color images
were converted to gray scale and inverted images
with Adobe Photoshop.

Statistical Analysis. A two-way, repeated-measures
analysis of variance (treatment � day) was per-
formed to compare the tail flick responses. One-
way analysis of variance was used to compare
means for myelin fiber disruption, myelin thick-
ness, G ratio, and axon diameter, followed by
Student–Newman–Keuls testing. Differences were
considered significant at P < 0.05. Values are pre-
sented as mean 6 SEM.

RESULTS

Behavioral Evaluation. During vibration, the rats
were monitored for signs of stress, including
increased vocalization, startle responses, excessive
movement within the restraint tube, efforts to with-
draw the tail from the vibrating platform during
vibration, and periorbital porphyrin secretion. Nei-
ther the sham nor the vibration groups demon-
strated these signs in response to the noise or the
shock-wave vibration.

Tail Flick Response Test. The pretreatment tail
flick response latencies averaged 4.5 6 0.4 s for
the sham and 4.8 6 0.3 s for the shock-vibration
groups (Fig. 2). In the sham 4d group, the tail
flick response times did not deviate significantly
from baseline through the 4 days. The shock 0d
and 4d rats, however, demonstrated significantly
shorter response times immediately after vibration,
with a mean latency of 2.9 6 0.3 s (Fig. 2). At 2
days post-vibration, the response times averaged
3.6 6 0.5 s in the shock 4d vibrated rats and were
not different from the pretreatment values. By day
4, the response times rose to 5.8 6 0.6 s in the
shock 4d rats. This was significantly higher than
the pre-treatment and sham 4d values.

Nerve Trunk Myelin Disruption and Edema. The av-
erage myelin disruption and edema for the sham
0d and sham 4d rats were not statistically different,
so the rats were combined into one sham control
group. The ventrolateral nerve trunks contained,
on average, 1326.5 6 56.5 myelinated nerve fibers
per cross-section. In the sham group, the majority
of myelinated axons had moderately stained, com-
pact normal myelin, and 13.6 6 0.6% of fibers
exhibited myelin darker staining and widening
(Fig. 3A). The dark staining and widening of mye-
lin in the sham group represented sections
through normal nodes of Ranvier and Schmidt–
Lanterman clefts with pockets of Schwann cell
cytoplasm into which the toluidine blue stain pene-
trated. In the shock 0d and 4d rats, the higher per-
centages of axons with darkly stained myelin were
due to delamination of myelin (Figs. 3B and C and
4). Schwann-cell hypertrophy was common in the
shock 4d rats. The percentage of disrupted fibers
(28.7 6 1.1%) in the shock 0d group was double
that of the sham group (P < 0.001) (Fig. 3A and
B). Four days after shock-vibration exposure, a sig-
nificantly (P < 0.001) higher percentage of nerve
fibers, 35.1 6 1.4%, exhibited myelin damage (Fig.
3A–C and 4).

The myelinated fibers of the nerve trunks
ranged in diameter from 3 to 13 lm in the
vibrated and sham rats. To ascertain whether vibra-
tion damaged a particular size of nerve fiber, the
fibers were sorted into diameter bins of small (3.0–
5.9 lm), medium (6.0–8.9 lm), and large (�9.0
lm). The percentages of small, medium, and large
fibers in the shock 0d and 4d groups were not sig-
nificantly (P � 0.17) different from those in the
sham group. The average myelin thickness, how-
ever, was significantly increased immediately after

FIGURE 2. Tail flick withdrawal latency to noxious heat was

assessed on multiple days in the sham 4d control and shock 4d

vibrated rats before (baseline), immediately after 12-min expo-

sure to vibration (day 0), after 2-day recovery (day 2), and after

4-day recovery (day 4). Compared with baseline, latency was

significantly (*P < 0.05) shorter on day 0. After 2 days of recov-

ery, vibrated and sham were not different. By day 4 post-vibra-

tion, the latency was significantly (*P < 0.05) longer than that

of baseline.
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shock vibration, with more myelin widening at 4
days post-exposure (Table 1). Myelin thickening in
small and medium fibers was greater than sham
immediately after vibration (shock 0d) (Table 1).
All fiber sizes had significant increases in myelin
thickness in the shock 4d survival group (Table 1).
Shock vibration decreased the G ratio in all three
size groups at 4 days post-vibration (Table 2).
Axon diameters of the medium and large myelin-
ated fibers in the shock 4d groups were signifi-
cantly smaller than in the sham group, and the

FIGURE 3. Toluidine blue–stained, semithin cross-sections of

the ventrolateral tail nerve trunks. The majority of the myelin-

ated axons (M) in the sham 0d rats have compact myelin that

is uniformly moderately stained (A). The shock 0d (B) and

shock 4d (C) nerves contain higher percentages of axons with

darkly stained myelin and focally widening (arrows). Bar in (A)

¼ 10 lm (same for all panels).

FIGURE 4. Representative electron-microscopic images of my-

elinated axons in the ventral nerve trunks of the sham, shock

0d, and shock 4d rats. Compared with sham control, the myelin

of the vibrated nerves exhibits multiple sites (arrows) of delami-

nation disruption. Bar ¼ 1.4 lm.
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medium-sized fibers had smaller axon diameters
than the shock 0d immediate group (Table 3).

Shock vibration produced immediate intraneu-
ral edema as evidenced by the increase in percent-
age of intraneural area. Compared with the sham
percent area (11.8 6 1.2%), the shock 0d (18.1 6
0.8%) and 4d (20.2 6 1.5%) groups showed signif-
icant (P < 0.01) elevations.

Skin Structure and Cell Distribution. The skin of
the tail has regular bands of epidermal scales alter-
nating with interscale regions from which hairs
emerge in trios and project over the scale (Fig. 5).
The scales were about 800 lm long, and the inter-
scale regions were about 200 lm wide, so this ring
pattern repeated at 1-mm intervals. When assessing
nerve fiber properties, comparisons were made in
similar regions, because the cellular distribution
and characteristics varied between regions.

The interscale regions contained high concen-
trations of Langerhans cells in the sub-epidermal
region, the junction between the epidermis and
dermis.35 These cells were most abundant sur-
rounding the emerging hair shafts, and they
diminished in number under the scales (Fig. 6).
Double immunostaining with PGP9.5 and OX-6
revealed that Langerhans cells were in close con-
tact with nerve fibers and that the Langerhans cells
exhibited weak immunoreactivity for PGP9.5.

Cutaneous Nerve Endings—PGP9.5 Nerve Immunor-

eactivity. In the sham group, PGP9.5 immuno-
staining of the skin showed a high density of nerve
fibers immediately below the epidermis and sur-
rounding the individual hair follicles at the level of
the sebaceous glands (Figs. 6A and 7A). Hair
innervation is characteristic of the vellus hair pali-
sade pattern, comprised of lanceolate mechanore-
ceptors and multimodal, circumferential free nerve
endings.36,37 The nerve fibers in focus in the
inverted fluorescence images appeared as continu-
ous dark lines. In contrast, 4 days after shock vibra-
tion there were fewer immunoreactive nerve fibers.
Those remaining were lighter stained and exhib-
ited a discontinuous pattern of irregularly sized
granules, suggestive of necrosis and phagocytosis
of the damaged endings (Figs. 6B and 7B). Imme-
diately after vibration in the shock 0d skin, the im-
munostained axons appeared as discontinuous and
enlarged dark staining segments. This pattern indi-
cated acutely fragmented and swollen axons.

Mast Cells. In the sham group, mast cells in the
mid-dermis encircled hair follicles and exhibited
very low levels of degranulation in the lateral and
dorsal regions of the skin (Fig. 8A). Degranulation
was extensive in the deepest layer of the dermis in

Table 1. Vibration increases myelin thickness.

Nerve fiber size

Myelin thickness (lm)

Sham Shock 0d Shock 4d

Small fibers 0.64 6 0.02 0.75 6 0.03* 0.81 6 0.04†

Medium fibers 0.90 6 0.03 1.02 6 0.02* 1.22 6 0.03‡,§

Large fibers 1.08 6 0.04 1.19 6 0.04 1.39 6 0.07*,§

All fibers 0.90 6 0.05 1.03 6 0.02* 1.23 6 0.05‡,§

Values are expressed as mean 6 SEM. Sham: mock vibrated simultane-
ously with vibrated rats; shock 0d: vibrated 12 min and biopsied immedi-
ately after tail flick testing; shock 4d: vibrated 12 min and biopsied 4
days later.
*P < 0.05, †P < 0.01, and ‡P < 0.001 (significant difference) vs. sham.
§P < 0.01 (significant difference) vs. shock 0d.

Table 2. Shock vibration decreases G ratios of myelinated nerve
fibers.

Nerve fiber size

G ratio (axon diameter � nerve fiber diameter)

Sham Shock 0d Shock 4d

Small fibers 0.74 6 0.01 0.71 6 0.01 0.67 6 0.02*
Medium fibers 0.75 6 0.01 0.74 6 0.01 0.68 6 0.01†,§

Large fibers 0.78 6 0.01 0.76 6 0.01 0.72 6 0.01†,‡

All fibers 0.76 6 0.01 0.74 6 0.01 0.69 6 0.01†,§

Sham: mock vibrated in simultaneously with vibrated rats; shock 0d:
vibrated 12 min and biopsied immediately after tail flick testing; shock
4d: vibrated 12 min and biopsied 4 days later.
*P < 0.01 and †P < 0.001 (significant difference) vs. sham.
‡P < 0.05 and §P < 0.01 (significant difference) vs. shock 0d.

Table 3. Vibration reduces the axon diameter of
myelinated fibers.

Nerve fiber size

Axon diameter (lm)

Sham Shock 0d Shock 4d

Small fibers 3.70 6 0.05 3.58 6 0.05 3.63 6 0.06
Medium fibers 5.78 6 0.07 5.60 6 0.23 5.25 6 0.07†,‡

Large fibers 7.85 6 0.07 7.62 6 0.17 7.27 6 0.10*

Sham: mock vibrated in simultaneously with vibrated rats; shock 0d:
vibrated 12 min and biopsied immediately after tail flick testing; shock
4d: vibrated 12 min and biopsied 4 days later.
*P < 0.01 and †P < 0.001 (significant difference) vs. sham.
‡P < 0.05 (significant difference) vs. shock 0d.

FIGURE 5. Dorsal view of the skin on segment C6 of the rat’s

tail. The epidermal scales (white arrows) and the hairs have

been blackened with a pen to reveal detail. The transverse

rows of scales are separated by interscale regions (black

arrows) from which the hairs emerge. Bar ¼ 4 mm.
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both the sham and vibrated rats. The mechanical
strain of stripping the skin from the tail during dis-
section caused this massive degranulation. In the
shock 0d skin, marked mast-cell degranulation
occurred around the hair follicles in the mid-dermis,
consistent with vibration-induced release (Fig. 8B).
In the shock 4d skin, mast-cell degranulation in the
mid-dermis had returned to the sham control level.

DISCUSSION

Exposing the rat tail to high-acceleration, shock-
wave vibration for 12 min produces dramatic func-
tional and structural changes indicative of immedi-
ate nerve injury and extensive degeneration of the
cutaneous innervation by 4 days. Sensory percep-
tion of noxious heat stimulation is heightened im-
mediately after vibration exposure but becomes
hyporesponsive 4 days later. Immediately after
vibration, PGP9.5 immunostaining of terminal
nerve fibers in the skin changes from continuous
to fragmented, indicating physical disruption. The
immediate hyperalgesia to heat is consistent with
the damaged sensory nerve endings being hyper-
sensitized by tissue injury–generated inflammatory
substances, such as mast-cell–released histamine.38

The rat tail impact vibration model not only dam-
ages axons rapidly, but the calm behavior of the rats
during vibration indicates a lack of awareness that
injury is occurring. Interestingly, humans who oper-
ate a variety of power hand tools are unable to per-
ceive when the level of acceleration is unsafe.39 The
failure to sense nerve damage during vibration fur-
ther validates our impact vibration animal model to
simulate the worker’s fingers holding a bucking bar
on the rivet while it is impacted by a riveting gun.

Within the ventrolateral nerve trunks immedi-
ately after shock vibration, there is a higher-than-
normal percentage of axons with disrupted myelin,
and the percentage increases by 4 days. Progres-
sion of myelin damage after stopping vibration was
observed previously for sinusoidal vibration.20 The
duty or impact cycle of the riveting hammer was

FIGURE 6. Cross-sections through the interscale regions of the

skin of sham (A) and shock 4d (B) rat tails. Nerve fibers (N) and

Langerhans cells (arrows) are immunoreactive for PGP9.5 anti-

bodies. The immunofluorescence image is inverted, so immuno-

stained structures appear dark. In the sham-control skin, the

immunoreactive nerve fibers course through the dermis and ar-

borize in the sub-epidermal plexus around the hairs. Nerve fibers

in the shock 4d skin are less numerous, have lighter staining,

and exhibit a granular structure indicative of degeneration as

compared with the dark and continuous structure of the intact

fibers in the sham. The Langerhans cells are small stellate cells

residing in the subdermal region and the sebaceous glands deep

to the hairs. The nerve fibers and Langerhans cells were distin-

guished by double staining the same sections with OX-6 antibody

specific for Langerhans cells (not shown). Bar ¼ 70 lm.

FIGURE 7. The PGP9.5 immunoreactive nerve fibers in the

mid-dermis region approach the hair follicle in a nerve bundle

(N), and the nerve endings arborize (arrows) longitudinally as

lanceolate endings on the outer sheath of the follicles. In the

sham control (A), the nerve bundle contains darkly immunore-

active fibers, and the nerve endings form numerous fine dark

networks. The nerve bundle in the shock 4d vibrated skin (B)

contains lightly immunoreactive and indistinct degenerated

fibers. The nerve endings are also lightly immunoreactive and

less numerous compared with sham. The sebaceous glands

(SG) for sham are tinted at background levels. The sebaceous

glands for shock 4d are moderately to darkly immunostained

with peppery dark granules, suggestive of the degeneration of

their innervation. Bar ¼ 70 lm.

FIGURE 8. Clusters of mast cells surround the hair follicles in

the mid-dermis regions of the sham (A) and shock 0d (B) rats.

The mast cells are darkly stained with avidin-conjugated fluoro-

phore (inverted image). In the sham, occasional mast-cell gran-

ules (arrow) are present extracellularly. The number of released

mast-cell granules (arrows) is much higher immediately after

12-min vibration. Bar ¼ 70 lm.
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33 HZ. Our studies of 30-, 60-, and 120-Hz sinusoi-
dal (non-impact) vibration show that frequencies
in this range cause immediate vasoconstriction of
the rat tail artery and reduction of skin and nerve
blood flow.40 This mimics vibration white finger
(vasospasm) in humans.8 Reduced blood flow and
reflow generate reactive oxygen species (ROS). The
free radicals may contribute to disruption of myelin
and intraneural edema in the nerve trunks.26,41 The
shrinkage of the axons of myelinated fibers in the
ventrolateral nerve trunks in the shock 4d group is
suggestive of retrograde atrophy secondary to the
loss of terminal nerve fibers and endings in the skin.
Impact vibration decreases the G ratios of the small,
medium, and large myelinated axons. This indicates
that the impact vibration damages and degrades the
functions of all sizes of myelinated fibers (Ad-Ab)
rather than a subset. The decreased G ratio and
myelin disruption contribute to reduced and aber-
rant nerve conduction velocity.28,42 The hypoalgesia
in shock 0d rats is similar to that in workers with
HAVS who develop higher thresholds to heat and
touch. The delayed tail flick withdrawal reflex at 4
days may also involve damage to alpha motor fibers
because tail withdrawal requires contraction of
intrinsic and extrinsic skeletal muscles. Weakness of
the hand and forearm muscles occurs in HAVS.43

The change in noxious thermal sensitivity indicates
that non-myelinated C fibers are also damaged. The
functional and structural changes within the nerve
trunks and the loss of sensory nerve endings in the
skin appear to explain the hypoalgesia present 4
days after shock vibration. In humans, the destruc-
tion and reinnervation of PGP9.5-immunoreactive
fibers in the skin correlates directly with the loss and
subsequent return of heat and touch sensitivity.44

The rat tail impact vibration model is amenable to
the study of the mechanism of axon loss, because
altered function and severe neurodegeneration
occur in minutes and days.

In our previous studies, hyper- and hypoalgesia
were not observed after sinusoidal vibration delivered
in a continuous pattern for 4 h.27 Structurally, the
nerve trunks exhibited myelin disruption and intersti-
tial edema. This suggests that these two neuropatholo-
gies are not sufficient to cause the sensitivity changes
observed in the tails exposed to shock vibration. In
the present study, disrupted myelin was found during
both hyperalgesia and hypoalgesia, revealing that the
increased and decreased sensitivities do not correlate
with the myelin disruption and edema.

The temporal pattern of loss of PGP9.5 immu-
nostaining after impact shock vibration is consist-
ent with lithotripsy shock-wave destruction of the
cutaneous innervation of rat skin.25 The time sce-
nario for axon loss in the rat is also similar to the
degeneration of nerve endings found after 3–5

days in human skin after sural nerve denervation.31

Finger skin biopsies of workers with HAVS with
numbness have fewer axons visualized by PGP9.5
and calcitonin gene–related protein (CGRP) im-
munostaining and electron microscopy.14,15 The
destruction of the innervation in this study was
throughout the tail skin. If the damage had been
limited to the ventral region in direct contact with
the impactor, physical trauma would explain the
nerve injury. There were no visible abrasions of
the ventral skin. The circumferential pattern of
loss is consistent with shock waves entering the tail
ventrally, propagating circumferentially, and dis-
rupting the cutaneous terminal nerve fibers and
endings. Shock waves cause cavitation in water and
generate microbubbles that burst and release
shock-wave energy that destroys cell membrane in-
tegrity.45 Why was the nerve destruction greater in
the skin than in the ventrolateral nerve trunks?
The myelinated axons in the nerve trunks exhib-
ited myelin disruption, axon shrinkage, and intra-
neural edema, but there was no loss of axons at 4
days based on myelinated axon counts. The nerve
trunks lie deep to the long tendon bundles, which
may protect (shield) the nerve fibers from shock
waves. The physics of acoustic high-frequency
(mHZ) ultrasound waves has been studied exten-
sively. These waves are known to reflect back at
sites of increased tissue acoustic impedance, which
is the basis of ultrasonographic imaging. Tissue
acoustic impedance is the product of tissue density
� the speed of sound in that tissue. In the rat tail,
impedance increases are expected at two interfa-
ces: (1) the cellular epidermis and the dense colla-
gen/elastin-rich matrix of the dermis; and (2) the
dermis and very dense collagen bundles of long
tendons. Thus, the shock-wave energy is postulated
to reflect back from these deep tissues into the su-
perficial layers and damage the superficial nerve
fibers. When the rat sciatic nerve and skin were
exposed to lithotripter-generated shock waves, the
axons in the skin were destroyed, but those in the
nerve were minimally damaged.13,25 The dense col-
lagen wrapping of the sciatic nerve was suggested
to reflect the shock waves away from the axons.
The postulated propagation patterns of the impact
shock waves in the tail may account for the dam-
age to terminal nerve endings and relative sparing
of the axons in the nerve trunks.

Clinical Implications. To lower the risk to workers,
further studies are necessary to determine which
aspects of impact vibration, such as acceleration,
duration, or frequency content, cause the neuropa-
thologies. The high acceleration of the impactor
( �100 m/s2 rms) may account for the immediate
mast-cell degranulation and rapid and severe nerve
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damage, because vibration disease in humans is
directly related to vibration magnitude. Collateral
damage of the kidney parenchyma is an undesir-
able side effect during lithotripter fragmenting of
renal stones, and injury severity is directly depend-
ent on the magnitude of the shock waves deliv-
ered.46 Reducing the shock-wave exposure rate from
120 to 60/min greatly decreased renal damage.46 In
this study, the riveting hammer delivered a shock
wave with each blow cycle for a total of 23,760 shock
waves. Redesigning tools with slower duty cycles to
reduce shock-wave number may decrease the preva-
lence of HAVS in workers; however, the tool may
function less efficiently at the lower rate and require
longer use. Longer use is undesirable, because
HAVS occurrence is directly correlated with the du-
ration of tool use.1,2 The daily use of riveting ham-
mers varies tremendously in different work situa-
tions. From the literature, we estimate that riveters
operate the hammer in bursts lasting 1–60 s,
depending on the project.8,9,17,22 By the end of the
8-h workday, total tool use may be as brief as 1 min
or as long as 2 hours. The onset of HAVS is months
rather than years when daily exposure is high.8,9

Herein we have examined the effects of a single 12-
min exposure to impact vibration. Delivering the
same total exposure in a pattern of 1 min/day over
12 days may have generated more neuropathology,
because multiple exposures produced a more long-
lasting degeneration than a single exposure from an
extracorporeal shock-wave therapy machine.47

Some aspects of vibration injury may be fre-
quency-dependent. The very high-frequency (kHZ)
components of the shock waves9 may be more damag-
ing than the 30–250-HZ vibration characteristic of
non-impact tools. Impact tool use can produce HAVS
in months, whereas non-impact tools typically require
years to cause disease.3,5–8 Workers who use their
bare hands to guide the chisel of an impact chipper
or the socket from a nut runner tool develop vibra-
tion white finger in that hand.17 Workers holding the
bucking bar develop HAVS at a higher rate compared
with riveting hammer operators.22 The hand needs
protection against shock waves. ISO 10819–compli-
ant, anti-vibration gloves that absorb frequencies at
500 HZ and higher may protect against high-fre-
quency injury, but further studies are necessary.48

Our findings indicate that the practice of frequency
weighting seriously underestimates the risk potential
of high-frequency vibration components.

This work was supported by a grant from the National Institute for
Occupational Safety andHealth (R01OH003493).
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