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Abstract This study examines axonal changes in goat

cervical facet joint capsules (FJC) subjected to low rate

loading. Left C5–C6 FJC was subjected to a series of

tensile tests from 2 mm to failure using a computer-con-

trolled actuator. The FJC strain on the dorsal aspect was

monitored by a stereo-imaging system. Stretched (n = 10)

and unstretched (n = 7) capsules were harvested and serial

sections were processed by a silver impregnation method.

The mean peak actuator displacement was 21.3 mm (range:

12–30 mm). The average peak strain encompassing various

regions of the capsule was 72.9 ± 7.1%. Complete failure

of the capsule was observed in 70% of the stretched cap-

sules. Silver impregnation of the sections revealed nerve

fibers and bundles in all the regions of the capsule. A

blinded analysis of digital photomicrographs of axons

revealed a statistically significant number of swollen axons

with non-uniform caliber in stretched FJCs. Axons with

terminal retraction balls, with occasional beaded appear-

ance or with vacuolations were also observed. Stretching

the FJC beyond physiological range could result in altered

axonal morphology that may be related to secondary or

delayed axotomy changes similar to those seen in central

nervous system injuries where axons are subjected to

stretching and shearing. These may contribute to neuro-

pathic pain and are potentially related to neck pain after

whiplash events.
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Introduction

Whiplash is a major cause of traumatic neck pain, carries

tremendous socio-economic impact and is among the most

common injuries associated with motor vehicle accidents.

Previous kinematic studies addressing the mechanisms of

whiplash injury offer a wealth of knowledge on the pos-

sible involvement of cervical facet joints (FJ) during a

whiplash impact [11, 33, 35, 42]. The potential role of FJs

as a major source of pain after whiplash injury has been

demonstrated by studies involving local anesthetic blocks

to FJ or its nerve supply [3, 26], percutaneous radio-fre-

quency neurotomy to nerve innervating the FJ [25] and FJ

distension with contrast medium [12].

The presence of nerve fibers associated with pain

transmission in the cervical facet joint capsules (FJC) has

been previously demonstrated [21, 30]. Facet distraction

was shown to lead to allodynia in rats, with the level of

allodynia varying according to the magnitude of distraction

[22]. FJ distraction in anesthetized goats was also shown to

elicit response of low and high threshold group III and IV

afferents [28]. In the lumbar region pulling the FJ or

mechanical probing of the capsule also elicited response

from group III and IV units [36, 43]. Induced inflammation

in the lumbar FJC resulted in increased multiunit discharge

rate, sensitization to mechanical stimuli and recruitment of

silent units [34].
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Axonal abnormalities of the FJC as a consequence of FJ

distraction have never been reported in the published

literature. Some of the earliest descriptions of peripheral

axonal injury come from the studies of Cajal on sciatic

nerve injury [9]. In fact, there is a general lack of literature

on axonal changes in mechanically injured peripheral soft

tissue.

The most extensive knowledge on altered axonal cyto-

skeleton comes from studies aimed at understanding the

mechanism(s) of traumatic brain injury (TBI) [13, 15, 19,

38]. It has been reported that an episode of TBI results in

distinct phases of axonal injury termed primary axotomy;

the disruption of axonal cylinder and a delayed secondary

axotomy; progressive alterations of the axon cylinder [37].

Using anterograde tracers, it was shown that a traumatic

episode triggers a perturbation the point of anterograde

transport impairment within an hour. The impairment or

focal block leads to further accumulation resulting in

swelling and expansion of the axonal cylinder. This, over

time leads to lobulation of the focal axonal swellings and

subsequent disconnection of the axon at 6–12 h after injury

[37]. In peripheral nerve injuries, altered axonal morphol-

ogy, neuronal excitability and painful behavioral outcomes

are reported [5, 10, 24, 44]. We hypothesize that severe

joint sprains, including whiplash injury, may involve injury

to nerve branches, with consequent peripheral neuropathy

and chronic pain.

Consequently, the purpose of this study was to examine

the presence of abnormal axons in cervical FJCs subjected

to mechanical deformation. We hypothesize that stretching

of the FJC beyond the physiologic range leads to cyto-

skeletal changes in the axons. The ensuing cascade of

events following the axonal changes may be involved in

the etiology of persistent pain in the event of a whiplash.

More generally, such axonal changes may be involved in

chronic pain after soft tissue injury and possible neuroma

formation.

Materials and methods

Surgery

All surgical procedures were reviewed and approved by the

Institutional Animal Care and Use Committee (IACUC).

Adult Lamancha or Alpine goats (33–55 kg) were anaes-

thetized by diazepam (0.5 mg/kg, i.m.), pentothal (15 mg/kg,

i.v.), butorphanol (0.22 mg/kg, i.m.) and atropine

(0.066 mg/kg, i.m.). The anaesthesia was maintained by

inhalation of isoflurane (2.5–3%). A C2 to T2 midline

incision was made and the spinal muscles were carefully

retracted exposing the left C5/C6 FJC as any damage to

FJC would compromise the experiment. The ventral rami

of C4–C6 nerves were cut and a C4–C7 laminectomy was

performed exposing the left C6 roots.

Surgical preparation of the C5/C6 FJC

for biomechanical testing

A total of ten goats that were part of a larger biomechanical

and neurophysiological study were used for the purpose of

this histochemical study. The left C5–C6 FJC in each goat

was mechanically stretched using a method described by

Lu et al. [27]. The right C5–C6 FJC was not stretched. As

part of the preparation of left C5/C6 capsule for biome-

chanical testing, the left C5 superior articular process was

removed. The C5 inferior articular process was freed very

carefully without causing any damage to the capsule. Then

the C5 inferior articular process was trimmed such that

there was sufficient bony mass to drill two miniature holes

(5 mm apart) for the insertion of hooks just rostral to the

C5–C6 facet joint capsule (Fig. 1). The C5 inferior artic-

ular process was then carefully separated from the pedicle

using a surgical chisel without disturbing the vertebral

artery or the spinal nerves, yielding a freely movable C5–

C6 facet joint capsule.

The freed process was connected to an actuator by a

stainless steel hook. Mechanical stretching of the C5–C6 FJ

was achieved by a computer-controlled Gemini GV6 dig-

ital servo actuator (Parker Hannifin Corp., Roherk Park,

CA, USA) attached with a 50 lb load cell (22.7 kg) (En-

tran, Fairfield, NJ, USA). The whole set-up included a

testing frame, a spine fixture, and a stereo imaging system.

A restraining strut attached from the test frame to the goat

spine through the T1 spinous process was aimed at mini-

mizing whole body motion. Additional spinal movement

was also minimized by immobilizing the C6–C7 and C7–

T1 joints. These steps enabled that maximum movement

was limited to the freed C5–C6 FJC and not translated to

the rest of the body or the contra lateral capsule.

Fig. 1 Diagram showing neurophysiology recording, and biome-

chanical testing of the cervical facet joint capsule. Arrow indicates the

direction of stretch (modified from Lu et al. 2005)
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The left FJ was then subjected to a series of low rate

loading while simultaneously monitoring the afferent dis-

charge. Neural activity of left C6 dorsal rootlets was

recorded with a custom designed miniature bipolar elec-

trode as described by Chen et al. [7]. In the biomechanical

testing, each test had a trapezoidal loading pattern: a dis-

placement ramp, a 10 s hold and a release ramp. A

displacement rate of 0.5 mm/s was used in both ramps. The

first test was a 2 mm displacement, with 2 mm increases in

displacement for subsequent tests until the capsule rup-

tured. An array of tantalum spheres (diameter = 0.5 mm)

were applied on the dorsal FJC to monitor its deformation.

Utilizing these markers, the dorsal capsule (n = 7) was

later evaluated at nine different locations for strain distri-

bution using a finite element method [19]. The nine areas

were on rostral (medial, middle, lateral), middle or joint

gap (medial, middle, lateral) and caudal (medial, middle,

lateral) aspects of the capsule.

Biomechanical testing and neurophysiological record-

ings lasted an average of 6 h after the initial surgical

preparations that varied in duration from approximately 4

to 7 h. During the entire process of FJ preparation for

biomechanical testing, the exposed left C5/C6 capsule was

covered in 0.9% saline. The right FJC was left intact and

was not exposed. These untested right FJC were harvested

(n = 10) to serve as controls. The left C5/C6 FJC were also

harvested after the conclusion of biomechanical testing and

neurophysiological recordings.

Determination of strain

For three-dimensional 3D strain analysis, ImageExpress

3D Wizard (SAI, Utica, NY, USA) was used to track the

displacements of the tantalum spheres to obtain their 3D

coordinates at any time point. Linear membrane elements

were developed using Hypermesh (Altair, Troy, MI, USA)

by interpolating the array of markers to an element mesh.

Digitized marker displacements were imposed on the nodes

of the mesh to reconstruct the capsule deformation. LS-

DYNA (LSTC, Livermore, CA, USA) was then used to

perform strain analysis for the whole capsules. Maximum

principal Lagrangian strain contour and principal strain

vectors on the mesh could be obtained for any time point.

The strain history of a mesh element, where the receptor

field was located, was obtained for maximum principal

Lagrangian strain [28, 29].

Histological study

At the conclusion of biomechanical testing and neuro-

physiological recordings, the animals were euthanized and

death ensured by bilateral pneumothorax. Then stretched

left C5-C6 (n = 10) and un-stretched right C5–C6 (n = 10)

dorsal FJ capsules were harvested. The capsules were

harvested enblock using a #10 scalpel blade. They were

fixed in 10% neutral buffered formalin. Thirty five to

40 lm thick frozen longitudinal sections were cut (Leica

CM 3050, Leica Microsystems Nussloch GmbH, Nussloch,

Germany), mounted on super frosted slides and stored at

-20�C until processed for silver impregnation.

Silver staining

The sections were air dried and glued to the slides using

cyanoacrylate. The sections were stained by a silver

impregnation technique [16] to visualize nerve fibers. The

sections were thoroughly washed in distilled water and

immersed for 3 min in pretreatment solution prepared with

a mixture of equal volumes of 9% sodium hydroxide and

15% hydroxylamine. The sections were then thoroughly

washed in 0.5% acetic acid for three times (3 min each).

The sections were then incubated in an impregnation

solution (5 mg/ml ferric nitrate and 100 mg/ml silver

nitrate) for 30 min and then washed in 1% citric acid

(4 9 2 min) followed by a wash in 0.5% acetic acid for

5 min. The sections were placed in developer solution until

they turned pale gray. Once sufficiently developed they

were removed and washed in 0.5% acetic acid

(3 9 10 min). Finally, they were rinsed in distilled water,

dehydrated in graded alcohol, cleared in xylene and cover-

slipped using Permount. The sections were observed under

a Leica light microscope (Leica DMLB, Leica Microsys-

tems Ltd, Heerburg, Switzerland) for stained fibers that

were photographed by a digital camera system (Diagnostic

Instruments Inc, Sterling Heights, MI, USA) attached to the

microscope.

Abnormal axon quantification

The digital photomicrographs of the stained axons were

screened on a computer monitor. They were then evaluated

by four blinded investigators. The axonal abnormalities

were categorized as: swollen axons, beaded axons (round

retraction balls), axonal vacuolations, and any other non-

specific changes. Axonal swellings and retraction balls are

hallmarks of diffuse axonal injury (DAI) in studies of TBI.

Each photomicrograph was assigned as having one of these

described abnormalities or no abnormality. An abnormality

was counted valid only when judged abnormal by at least

three of the four investigators. All the observations were

tabulated and compared using Chi-square testing to com-

pare stretched versus unstretched capsules.
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Results

Mechanical testing

The actuator displacement ranged from 12 to 30 mm with

an average displacement of 21.3 mm in ten stretched

capsules (Table 1). Seven of the ten stretched capsules

were analyzed for peak tensile strain, which ranged from

60.2 to 82.4% and averaged 72.9%. No effort was made to

correlate the number of damaged axons to regional strain

distribution. The detailed results of the relationship

between strain and nerve discharge are reported elsewhere

[27–29].

Abnormal axons

Axonal observations were made from ten stretched and

seven out of the ten unstretched FJCs that were harvested.

Both stretched and unstretched FJCs demonstrated exten-

sive innervation in the superficial dense collagenous layer

as well as in the deep adipose-like layer. Nerve fibers could

be seen traversing the capsule as short segments, single

fibers or in groups of 2 or 3 fibers. They were also seen as

thick bundles.

In the stretched FJCs a significantly larger number of

abnormal axons were observed compared to un-stretched

capsules (Table 2; P \ 0.05 Chi-square). Abnormal axons

were observed in 94 of 280 photographs from stretched

capsule. The most common abnormalities were axons with

swellings (Fig. 2) and non-uniform caliber (Fig. 3). Occa-

sionally the swellings appeared to be fusiform. The swollen

region could be confined to either one or multiple locations

in the course of the axonal path (Fig. 4). Axonal swellings

could be best distinguished in single axons or in groups of 2

or 3. For axons in a bundle, the abnormality was either

limited to one or more or in some cases to none of the axons.

Table 1 Maximum actuator displacement, average strain from 9

designated areas of the capsule in the preceding pull prior to rupture,

and capsular injury in 10 capsules subjected to low rate loading

Goat Actuator

displacement (mm)

Strain (%) Capsule

injury

1 22 NA Partial tear

2 20 NA Rupture

3 18 77.8 Partial tear

4 30 71.4 Rupture

5 26 71.7 Rupture

6 26 69.8 Partial tear

7 26 82.4 Rupture

8 25 60.2 Rupture

9 18 76.7 Rupture

10 16 NA Rupture

Table 2 Total photomicrographs showing normal and abnormal

axons in the stretched (n = 10) and unstretched capsules (n = 7)

Unstretched capsules Stretched capsules

Normal axons 108 186

Abnormal axons 29 94

Fig. 2 A single axon with repeated swellings and terminal retraction

balls (bar = 20 lm, 9100)

Fig. 3 Group of axons in a bundle with one of them showing

swellings and terminal retraction ball (bar = 50 lm; 940)

Fig. 4 Group of axons in a capsule with multiple swollen regions

(bar = 20 lm; 9100)
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Terminal ball like structures were also seen alone or in

association with axons that were swollen (Fig. 3).

Although not very common, there were some axons pre-

senting ball-like structures as a chain of beads or as knotty

thickenings. Some axons appeared to be excessively

wrinkled and distorted. However, not all axons in the

stretched capsule were abnormal.

In unstretched FJCs, only 29 of 137 photomicrographs

displayed abnormal axons. Normal axons were of uniform

caliber with no apparent changes (Fig. 5).

Discussion

The primary purpose of this study was to compare the

morphological characteristics of axons in stretched facet

joint capsules to those in un-stretched capsules in a goat

model. As this was a series of tests in which the capsules

were pulled beyond the physiologic limits, the study can

only address whether such stretch can produce axonal

pathology, but does not provide the threshold levels at

which these occur.

The goat model has been previously used in several

spine studies as a surrogate for human spine including

studies involving disk healing and spine fusion [4, 6]. The

cervical musculoskeletal structures of goat are similar to

their human counterparts in morphology and alignment of

facet joints [4]. Hence, findings from these in vivo studies

can potentially be related to signs and symptoms in humans

such as those in whiplash associated disorders.

The dorsal FJC is a tough collagenous structure covered

by multifidus muscle and tendinous insertions. In this

study, the capsules were subjected to repeated actuator

displacements in increments of 2 mm until rupture. Based

on our experimental observations, no gross capsular

changes were observed from 2 to 12 mm displacements

with the exception of one experiment in which capsular

rupture was observed at 12 mm. Tears and rupture were

apparent from stretches of 16 mm and above. These

numbers represent the displacement of the actuator

whereas the displacement across the joint was less than the

actuator displacement due to the excursion of the cervical

spine during stretch. The response of the tissue is better

represented by the tissue strain.

The average peak strain in the ten capsules was

72.9 ± 7.1% (from preceding pull before rupture) with an

average actuator displacement of 22.14 mm. In compari-

son, studies using human cadaver specimens revealed that

the C5–C6 facet joints experienced average strains of 60%

in moderate speed rear impacts and suggested that the

capsular ligaments may undergo stretch levels exceeding

their tolerance limits [11]. However, alterations in prop-

erties of tissues ex vivo as well as lack of muscle tone

cannot be ignored and should be considered cautiously

when applying to in vivo biological systems. Using cine-

radiography technique on human volunteers Ono et al. [33]

demonstrated that lower cervical vertebrae (C3–C6) move

beyond physiologic range under moderate speed (4, 6, and

8 km/h) rear impacts [33].

A manifestation of the capsular stretch was the presence

of nerve fibers with altered morphology. However, it is not

possible to predict the strains at which axonal alterations

were initiated as this was not the intent of the original

study. Additionally, our observations indicate that these

axonal changes were not limited to any specific area or the

point of rupture of the capsule as they were observed

throughout the capsule. Thus, the axonal injuries occurred

at areas of capsular stretch that did not necessarily have

complete rupture.

These abnormal axonal changes have a close resem-

blance to those observed in previous studies of TBI [20,

32, 37]. Similar changes were also seen in cultured axons

subjected to dynamic stretch with tensile strains between

58 and 77% that resulted in undulating distortions and

multiple swellings immunoreactive to neurofilament pro-

teins [40]. The neurofilament immunoreactivity has been

suggested as indication of impaired axonal transport or

local disassembly of cytoskeleton [40]. However, some

abnormal axons were also found in some sections of

unstretched FJC. This may be similar to the presence of

an occasional degenerating area in normal control brain

material in studies of axonal degeneration due to minor

head injury as reported by Jane et al. [20]. One limitation

of this study was that capsules were harvested 6–12 h

following the first stretch of the capsule. The protocol

involved repeated actuator displacements until the capsule

ruptured. Hence, these acute axonal alterations observed

could be related to multiple capsular stretch tests over a

period of time. However, to our knowledge, this is the

first study in which such axonal changes have been

reported.

Fig. 5 Axons with normal appearance in an unstretched capsule

(bar = 50 lm; 940)
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It has been postulated that reactive changes (secondary

axotomy or progressive alterations of the axonal caliber)

may occur independent of primary axotomy, which is

severing of axons at the time of injury [37]. Bain and

Meany [2] reported that optic nerves stretched to 4 mm did

not exhibit any injury where as nerves subjected to stretch

levels above 6 mm demonstrated injury in the form of

axonal swellings and retraction balls. The corresponding

nerve strains were in the range of 10 and 50%. Taken

together, these studies suggest that axonal changes may

occur at various strains starting as low as 10% [2]. The

process of axonal expansion (swelling) and disconnection

may be slower in some axons than in others due to their

caliber, location and other factors [8] and may not be

observed in all the axons.

Some of the foremost descriptions of axonal injury come

from Cajal [9] who demonstrated various phases of axonal

degeneration in injured peripheral stumps of sciatic nerve.

Specific axonic masses or neurobiones were reported as the

seat of degenerative changes where living units are dislo-

cated and congregate in certain places to form colonies or

fusiform masses. These fusiform masses could be similar to

the swollen axons that were observed following the cap-

sular stretch in our study. The axonal swellings were

thought to be focal accumulations of membranous organ-

elles at presumed sites of interrupted axonal transport [31].

Not all axons would degenerate at the same time and it is

possible that degenerating axons could exist amidst some

normal appearing axons. Cajal [9] also reported that some

axons that degenerate early could appear granular, vacuo-

lated and broken. Although not very common, some axons

with vacuolations were also observed in the current study.

What would be the potential functional significance of

these axonal changes? Evidence for altered functional

changes comes from studies by Bain et al. [1] who showed

that ocular displacements (strain rate *30 to 60/s, duration

60 ms) greater than 5 mm produced electrophysiological

impairment and demonstrated that less stretch was required

to elicit electrophysiological changes (5.5 mm) than mor-

phological signs of damage (6.8 mm). Singh et al. [39]

studied affects of strain on dorsal nerve roots. They dem-

onstrated that conduction velocity and compound action

potentials decreased with increasing strain (\10%, 10–20%

and [20%) and displacement (0.01 and 15 mm/s) rate.

They further showed increased spacing, tearing and

impaired axonal transport that were also strain and dis-

placement rate dependent. Additionally, simple stretching

of axons was also shown to lead to changes in membrane

potential [14] and transient depolarization [41]. It was also

demonstrated that injury to axons leads to increase in

intracellular calcium levels due to altered sodium channel

structure and subsequent proteolysis of sodium channel

alpha subunit. Degradation of the alpha-subunit has been

thought to promote persistent elevations in intracellular

calcium, fueling additional pathologic changes [18].

Can abnormal axonal morphological changes observed

in the stretched facet joint capsules be related to altered

behavioral and functional changes? The neurophysiology

studies performed on these same goats demonstrated that

high threshold mechanoreceptor activation, saturation of

the neural discharge and after discharges occurred at peak

strains of 47.2, 44, and 45%, respectively. However,

determination of capsule threshold strains for axonal injury

would require that capsules be harvested at lower strains,

perhaps in the range seen for after discharges in this study.

Support for potential behavioral changes comes from

studies by Lee et al. [23], who investigated cervical FJ

distraction and associated behavioral changes in rats.

Subjecting the C6/C7 FJ and its capsule to sub-catastrophic

vertebral distractions by the translation of C6 spinous

process in rats resulted in immediate and sustained

behavioral sensitivity as measured by allodynia. Tissue

injury, peripheral axonal injury, and/or altered central

changes due to sub-catastrophic vertebral distractions may

contribute to the behavioral changes.

Nerve injury can lead to formation of neuroma, which

can consist of regenerative nerve sprouts and be the source

of abnormal excitability and discharge characteristics with

pronounced erratic mechanical sensitivity [44]. Altered

axonal morphology can also lead to accumulation of

sodium channels [10] that may be related to enhanced

excitability and spontaneous activity. Additionally, these

altered axons can also become sensitive to various medi-

ators released such as cytokines. Recently, Igarashi et al.

[17] have shown the release of inflammatory cytokine

interleukin 1ß from degenerating lumbar FJ tissue that was

shown to be correlated to higher visual analog scores for

leg pain. It likely such degenerative changes in cervical

FJC tissue may contribute to painful conditions in the neck

following a whiplash injury.

Loeser [24] has opined that it is not needed to transect a

nerve and create a neuroma to elicit altered sensitivity. It is

widely accepted that injury to nerve tissue both in the

periphery and central nervous system is capable of causing

acute or chronic pain. It is possible that nonphysiological

movements of neck as in a whiplash event can potentially

lead to axonal changes besides triggering degenerative

changes that can ultimately lead to production of various

chemical mediators that can sensitize both normal and

abnormal axons in the surrounding peripheral tissue.

The findings of this study may have some clinical rele-

vance. The presence of axonal changes in the present

study provides credence to the onset of neuropathic chan-

ges in FJCs stretched beyond physiologic limits. We

propose that such affects may lead to alterations in sensory

input and other pathological changes leading perhaps to
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peripheral neuropathy. This may have particular relevance

in cases where the FJ have been damaged/or stretched

beyond physiological limits and may be related to persis-

tent pain after a whiplash event.

Conclusions

This is the first known study to demonstrate that non-

physiological stretch of a peripheral tissue such as FJC

leads to morphological changes in the axons. These mor-

phological changes may lead to altered functional states in

the damaged axons.
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