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Dorsal root compression produces myelinated axonal degeneration near the
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Increased sensitivity to mechanical stimuli produced by transient cervical nerve root compression is
dependent on the severity of applied load. In addition, trauma in the nervous system induces local
inflammation, Wallerian degeneration, and a host of other degenerative processes leading to axonal
dysfunction. Here, axonal degeneration and inflammation were assessed following transient dorsal root
compression to establish a relationship between conditions for dorsal root axonal changes and those
previously established for the onset and maintenance of mechanical behavioral hypersensitivity (26.3 mN
and 38.2 mN, respectively). Compression loads were applied over a range (0–110 mN) known to produce
sustained behavioral hypersensitivity. CD68- and NF200-immunoreactivity, as well as axonal pathological
changes, were assessed in the dorsal root to investigate the load thresholds requisite for inducing
macrophage infiltration and axonal degeneration relative to those thresholds for producing the onset and
persistence of behavioral hypersensitivity. Neurofilament accumulation and the depletion of NF200-
immunoreactivity in the region of compressed tissue were produced for loads that produce mechanical
behavioral hypersensitivity. A 50th-percentile load threshold was determined (31.6 mN) governing the onset
of NF200 depletion. However, CD68-immunoreactivity was increased for nearly all loads, suggesting that
macrophage recruitment may not be directly related to nerve root-mediated behavioral hypersensitivity. This
study provides new evidence for threshold-mediated degenerative changes in the context of behavioral
hypersensitivity following nerve root compression.

© 2008 Elsevier Inc. All rights reserved.

Introduction

Chronic neck pain affects between 30% and 71% of adults at some
point during their lives (Côté et al., 1998, 2000; Freeman et al., 1999).
Debilitating chronic pain can persist long after a transient injury,
resulting in annual societal costs over $29 billion (Freeman et al.,1999).
Cervical nerve roots are susceptible to compression injuries because
the surrounding bones can change the shape of the intervertebral
foramen during neck extension, compression, or especially during
complicated combined motions (Nuckley et al., 2002).

Following nerve root trauma, axonal changes indicative of
dysfunction and degeneration develop, which depend on the specific
mechanical inputs of tissue loading (Olmarker et al., 1989; Kobayashi
et al., 1993, 2004; Colburn et al., 1997, 1999; Hashizume et al., 2000;
Kobayashi and Yoshizawa, 2002; Sekiguchi et al., 2004; Chung et al.,

2005; Singh et al., 2006). Nerve root compression produces endo-
neurial edema, membrane leakage, and Wallerian degeneration
(Olmarker et al., 1989; Kobayashi et al., 1993, 2004; Colburn et al.,
1997, 1999; Hashizume et al., 2000; Kobayashi and Yoshizawa, 2002;
Sekiguchi et al., 2004). In a canine model, transient compression of
lumbar roots for 1 hour using a microvascular clip can produce
endoneurial edema in the compressed region as early as 1 hour after
the removal of the clip (Kobayashi et al., 1993; Kobayashi and
Yoshizawa, 2002). Further, those authors showed that chronic
compression produced significantWallerian degeneration andmacro-
phage recruitment evident at 1 week that were both sustained for at
least 3 weeks (Kobayashi et al., 2004).

In response to axonal degeneration, macrophages infiltrate and
phagocytize myelin debris, in addition to inducing the release of pro-
inflammatory cytokines, including IL-1 and TNF-α (Kobayashi et al.,
2004). Axonal degeneration and inflammation can lead to increased
electrical activity in adjacent intact axons, and can result in persistent
allodynia-like behavioral hypersensitivity (Li et al., 2000; Obata et al.,
2003). Axonal injury can also produce a breakdown in fast axonal
transport, producing accumulations of transported proteins such as
neurofilament (NF) and β-amyloid precursor protein (βAPP) (Chen
et al., 1999; Chung et al., 2005; Singh et al., 2006). In fact, βAPP
accumulation increases as early as 3–4 hours after injury in a ratmodel
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of lumbar nerve root stretch; βAPP accumulation increases with both
applied tissue strain and strain rate (Singh et al., 2006). While the
results of those studies relate injury mechanics and axonal dysfunc-
tion, no studies to date integrate indicators of pathological changes
with behavioral assessment to interpret the symptomatic effect of such
local pathological changes following mechanical loading.

The severity of nerve root compression modulates behavioral
hypersensitivity; yet, while this relationship has been demonstrated
in models of painful radiculopathy, applied mechanics have not been
well-controlled. Suture ligation of rat lumbar nerve roots was used to
establish a relationship between applied tissue strain and mechanical
allodynia (pain due to a stimulus that does not normally provoke
pain). However, assessments of deformation in that work were made
only at the start of the study when the ligation was imposed, and it
was assumed that the deformation induced by the ligation remained
constant throughout the study (Winkelstein et al., 2001, 2002;
Winkelstein and DeLeo, 2002, 2004). Furthermore, those studies
focused on spinal cytokine and glial expression and did not identify or
characterize local pathological changes at the compression site.
Sekiguchi et al. (2004) used different sizes of silicon inserts placed
in the epidural space to apply compression to the rat cauda equina.
Although apoptosis in the dorsal root ganglion (DRG) and axonal
degeneration of the central process were produced for larger silicon
inserts, no behavioral hypersensitivity was produced for any type of
tissue compression (Sekiguchi et al., 2004). The absence of behavioral
sensitivity observed in that radiculopathy model underscores the
necessity of investigating quantifiable nerve root compression
mechanics and local degenerative changes under conditions known
to produce a range of behavioral outcomes.

No study has simultaneously investigated the behavioral and
pathophysiological outcomes following nerve root compression with
different mechanical insults. Our lab has recently identified the load
thresholds for producing the onset and persistence of mechanical
behavioral hypersensitivity following transient compression of the C7
dorsal root in the rat (Hubbard et al., 2008).While that work identified
load thresholds for producing behavioral hypersensitivity, the
associated pathologic responses in the nerve root were not investi-
gated. Moreover, the relationship between the load threshold for
behavioral hypersensitivity and that for producing tissue damage was
not examined. Therefore, the goal of the present study is to define
macrophage infiltration, neurofilament accumulation, and axonal
degenerative pathology in the dorsal root at days 1 and 7 to determine
if the same load thresholds exist for producing local inflammation and
axonal degeneration as for producing behavioral hypersensitivity.
Accordingly, we utilize the previously defined loads for producing the
onset (26.3 mN) and maintenance (38.2 mN) of behavioral hypersen-
sitivity on days 1 and 7 to impose dorsal root compression above or
below these thresholds. In these studies, macrophage infiltration,
dysfunction of axonal flow, and axonal degeneration are qualitatively
and quantitatively assessed by CD68 and NF200-immunoreactivity in
longitudinal dorsal root sections, as well as by light and transmission
electron microscopy (TEM) in axial cross sections.

Materials and methods

Experiments were performed using male Holtzman rats (Harlan
Sprague–Dawley, Indianapolis, IN), weighing 250–350 grams at the start
of the study, housedwith a12–12hour light–dark cycle and free access to
food and water. All experimental procedures were approved by the
University of Pennsylvania InstitutionalAnimal Care andUse Committee.

Transient dorsal root compression

Surgical procedures for C7 dorsal root compression were per-
formed under halothane inhalation anesthesia (4% halothane for
induction, 2% for maintenance). Procedures for the application of

cervical dorsal root compression have been previously detailed
(Hubbard et al., 2008). Briefly, rats were placed in a prone position,
and a C6/C7 hemilaminectomy and facetectomy on the right side
exposed the spinal cord and C7 nerve roots. The C7 dorsal root was
compressed between micro-compression platens (width 0.7 mm) for
15 min approximately 2 mm from the dorsal root entry zone into the
spinal cord. A customized, motor-driven loading device applied a
range of compression loads (6.9–93.4 mN) for separate rats (n=12;
Table 1), spanning above and below the previously established
threshold (26.3 mN) for the onset of mechanical behavioral hyper-
sensitivity at day 1 (Hubbard et al., 2008). Nerve root tissue was
harvested from those rats at day 1 to assess local degenerative and
inflammatory changes. In an additional group, the dorsal root was
compressed by loads (5.3–97.9 mN; n=14) ranging above and below
the threshold (38.2 mN) defined to produce persistent mechanical
behavioral hypersensitivity at day 7 (Hubbard et al., 2008). In that
group, rats were followed for 7 days before nerve root tissue was
harvested. Sham procedures with nerve root exposure but no
compression of the dorsal root were performed to provide tissue for
comparison on both days 1 (n=4) and 7 (n=4).

Mechanical behavioral hypersensitivity assessment

Mechanical behavioral hypersensitivity in the ipsilateral forepaw
was assessed prior to compression (baseline) and on the day of tissue
harvest for each group of rats (day 1 and day 7) (Lee et al., 2004;
Rothman et al., 2005; Hubbard et al., 2008). A single tester performed
all behavioral testing for this study and was blinded to the magnitude
of applied load. For each session, following 20 min of acclimation, rats
were stimulated on the plantar surface of the right forepaw 30 times
using a non-nociceptive von Frey filament (4.0 g; Stoelting Co., Wood
Dale, IL), and the total number of paw withdrawals was recorded. For

Table 1
Behavioral hypersensitivity and nerve root pathology

+ indicates axonal swellings and decreased NF200-immunoreactivity, or increased
CD68-immunoreactivity.
– indicates no abnormal pathology.
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each day, rats were separated into groups based on whether they
received compression above or below the threshold for that day (i.e.
relative to 26.3 mN or 38.2 mN, respectively). For each time point,
mechanical behavioral hypersensitivity for the groups above-threshold
and below-threshold were compared to the number of sham paw
withdrawals using a one-way analysis of variance with post-hoc
Bonferroni correction. Statistical analyses were performed using
SYSTAT v10.2 (Richmond, CA), with significance at pb0.05.

Macrophage infiltration and axonal degeneration

Macrophage infiltration, neurofilament accumulation, and loss of
myelinated axons were assessed in the dorsal roots on each of days 1
and 7 after compression, in separate studies. An overdose of sodium
pentobarbital (40 mg/kg) was given, and rats were transcardially
perfused with 150 ml of phosphate buffered saline (PBS) followed by
150 ml of 4% paraformaldehyde in PBS. The C7 nerve roots were
harvested and paraffin embedded for immunohistochemical analyses.
Nerve roots from normal, naïve rats (n=2) were also processed as
controls to account for tissue processing effects. Longitudinal nerve
root sections (10 μm), which included the full length between the
dorsal root entry zone and the DRG, were collected on gelatin-coated
slides for each rat. Sections (3–5 per rat) were immunolabeled for
infiltrating macrophages or heavy chain neurofilament (NF200) using
monoclonal antibodies against the CD68 receptor (ED1, 1:500;
Serotec, Kidlington, UK) and phosphorylated and non-phosphorylated
NF200 (N52, 1:400; Sigma, St. Louis, MO), respectively. A horse anti-
mouse secondary antibody (Vector, Burlingame, CA) was used at a
dilution of 1:400 (for CD68) or 1:1000 (for NF200). All antibody
dilutions used in this study were previously optimized. Sections were
exposed to 3,3-diaminobenzidine (Vector Labs, Burlingame, CA) for
color development and cover-slipped using a non-aqueous mounting
medium.

NF200-immunoreactivity was visually evaluated in representative
longitudinal sections of the dorsal root for the presence of axonal
swellings or an excessive decrease in fiber staining. A representative
section for each rat was digitally imaged at 100× magnification and
evaluated relative to uncompressed nerve roots (Chen et al., 1999).
Tissue sections that displayed axonal varicosities or considerably
reduced fiber staining were assigned a value of (+); sections not
different from uncompressed roots were assigned a grading of (−).
Macrophage infiltration in adjacent sections was similarly evaluated
in representative sections. Increased CD68-immunoreactivity relative
to uncompressed nerve roots was assigned a grade of (+), and little or
no increase in immunoreactivity was given a grade of (−). Grading of
decreased NF200- or increased CD68-immunoreactivity was fit by
logistic regression against the applied load for each marker on days 1
and 7, separately. Significance of the regression was determined by a
chi-squared test. The 50th-percentile load value is reported as the
threshold for producing a grade of (+) for NF200- or CD68-
immunostaining in the nerve root (±95% confidence interval). Tissue
sections labeled for CD68-immunoreactive macrophages were also
analyzed using densitometry to quantify the area occupied by
macrophages within a square region of interest (ROI), with a width
equal to that of the dorsal root at the compression region. A
customized Matlab (Natick, MA) program counted the number of
pixels within the ROI with a gray-scale intensity darker than that of
background tissue staining.

To evaluate degenerative pathology relative to the magnitude of
applied compression, axons of the compressed (ipsilateral) and
uncompressed (contralateral) dorsal root were assayed in cross
sections formyelin abnormalities indicative ofWallerian degeneration
in a subset of rats (n=6). Based on reports that the myelin structure is
unchanged at day 1 for a variety of different types of neural traumas
(i.e. nerve crush, nerve transection, heat application) (Beirowski et al.,
2005; Podhajsky et al., 2005), tissue was analyzed only at day 7. The

right C7 dorsal root was compressed by loads (3.0 and 11.4 mN) below
38.2 mN (day 7 threshold), slightly above that threshold (49.3 and
57.8 mN), or sufficiently above that threshold (72.6 and 102.1 mN). On
day 7, an overdose of chloral hydrate was given, and rats were
transcardially perfused with 50 ml 0.9% saline followed by 50 ml of 2%
paraformaldehyde, 2.5% glutaraldehyde in saline. C7 nerve roots were
harvested and incubated in 2% OsO4 in 0.1 M phosphate buffer for 1 h.
Samples were then embedded in epon resin.

For light microscopy, five axial semithin sections (0.5 μm) were
taken approximately 800 μm from the dorsal root entry zone central to
the compression site and stained with toluidine blue for 1 min to
enable visualization of myelinated axon caliber and degeneration in
the dorsal root central to the compressed region. A neuropathologist
reviewed all sections and provided an evaluation of degeneration. One
representative section per rat was imaged at 630× magnification. For
TEM, five thin sections (0.1 μm) immediately adjacent to the semithin
sections were stained with uranyl acetate for 40 min. The entire cross-
sectional area of the dorsal root was assessed in each image for the
presence of degenerated axons, macrophage phagocytosis of extra-
tubal myelin debris, andmyelin abnormalities such as incisures or thin
or no myelination surrounding medium and large caliber axons.
Dorsal roots displaying any of these hallmarks were assigned a grade
of (+), while (−) was assigned for no difference from the uncom-
pressed, contralateral dorsal root. Evidence of degeneration was com-
pared for each load group in the context of the 38.2 mN load threshold
to produce persistent behavioral hypersensitivity.

Results

Mechanical behavioral hypersensitivity

Mechanical behavioral hypersensitivity at days 1 and 7 exhibited a
dependence on load that was consistent with the previously
established thresholds (Hubbard et al., 2008). Sham procedures did
not produce significant changes in mechanical behavioral hypersen-
sitivity compared to baseline at either time point (Fig. 1). A positive
pawwithdrawal was often accompanied by a head turn response and/
or vocalization, indicating a supraspinal allodynia-like response. On
day 1, there was no difference in hypersensitivity relative to sham for
compression loads below the 26.3 mN threshold (Fig. 1). However,
loads above that mechanical threshold produced hypersensitivity that
was significantly elevated over sham (p=0.04, Fig. 1). Similarly, at day
7, behavioral hypersensitivity was not produced for applied compres-
sions that were below the corresponding threshold (38.2 mN) for

Fig. 1. Ipsilateral mechanical behavioral hypersensitivity for sham, below threshold, and
above threshold compression groups on days1 and7using a 4 g von Freyfilament. Average
responses for each group are reported as the number of forepaw withdrawals (±standard
deviation). A significant increase was observed for above threshold groups on both days
over sham (⁎pb0.05) and at day 1 over the below threshold group (+pb0.05).
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hypersensitivity at that day, but loading above that force did produce
behavioral hypersensitivity that was significantly elevated over sham
(p=0.02, Fig. 1).

Neurofilament immunoreactivity and macrophage infiltration
at day 1

At 1 day after compression, no changes relative to sham or normal
responses were observed for NF200-immunoreactivity in compressed
nerve roots (Table 1). In addition, therewas no increase inmacrophage
infiltration in any nerve root assessed at day 1 for any compression. As
such, logistic regressions for NF200- and CD68-immunoreactivity did
not determine a 50th-percentile load value (data not shown).
Densitometry measurements reflected minimal detection of CD68-
immunoreactivity; only two rats (#238, #239) displayed CD68-
immunostaining greater than 3%, and these rats each received loads
greater than 80 mN (Table 1).

Neurofilament immunoreactivity at day 7

Changes in neurofilament immunoreactivity were observed in the
dorsal root at day 7 following compression and depended on the
magnitude of load (Table 1). NF200 immunostaining in the normal,
naïve C7 dorsal root revealed long, myelinated axons with an even
distribution of staining along their lengths (Fig. 2A). No differences in
axonal staining were observed in nerve roots receiving sham
procedures compared to normal (Table 1). On day 7 after compression
below 38.2 mN, only minimal decreases in NF200-immunoreactivity
were observed in the compressed region of roots and no varicosities
were observed (Fig. 2B). However, compression by loads greater than
38.2 mN produced a moderate to dramatic decrease in NF200-
immunoreactivity relative to sham along the full length of the dorsal
root. Axons formed varicosities both proximal and distal to the site
of compression that were not seen in dorsal roots from sham rats
(Table 1, Fig. 2C). The changes in NF200-immunoreactivity at day 7
were also considerably increased relative to those observed in roots at
day 1 compressed by similar magnitudes of load. Logistic regression of
NF200 grading at day 7 against compression load predicted a
threshold of 31.6 mN (±9.4 mN) to significantly reduce transport of
NF200 (pb0.0001; Fig. 3A).

Axonal degeneration at day 7

Wallerian degeneration and myelin breakdown in the dorsal root
central to the site of compression increased with the magnitude of
applied load (Table 2, Fig. 4). In two of four dorsal roots compressedwith

loads below or slightly above 38.2 mN, loading produced no axonal
abnormalities (Fig. 4B) compared to the uncompressed, contralateral
roots (Fig. 4A). For the remaining two roots compressed with loads
below or slightly above 38.2 mN, a loss of myelinated axons was
observed only in small regions near the perimeter of the cross section.
All areas within the central portion of the cross section showed no
evidence of degeneration, and the myelinated axons remained tightly
packed (Fig. 4B). Loads that were sufficiently above 38.2 mN (#269,
#271) produced a considerable loss of myelinated axons in regions both

Fig. 2. Representative images within the 700 μm compression region of the C7 dorsal root at day 7 immunostained against NF200. Dorsal roots from the (A) uncompressed and
(B) below 38.2 mN groups exhibited long, unbroken axonal staining. (C) Dorsal roots compressed by loads above that threshold for behavioral hypersensitivity exhibit substantial
decreases in NF200-immunoreactivity and axonal swellings (arrow). Scale bar in (A)=100 μm and applies to all.

Fig. 3. Logistic regressions for assessment of (A) NF200- and (B) CD68-immunoreactivity
at day7 after dorsal root compression. The 50th-percentile load thresholds for producing
axonal pathology or macrophage infiltration are significant and indicated at (A) 31.6 mN
and (B) 20.1 mN, respectively.
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around the perimeter and within the center of the root cross section
(Fig. 4C). Large denervated cellular regions lacking myelinated axons
surrounded intact myelinated and unmyelinated axons (Fig. 4C).
Occasionally, surviving large diameter axons displayed myelin defor-
mities or incisures. Myelin debriswas engulfed bymacrophages outside
the basal laminae of degenerated axons (Fig. 4D). In some cases,
macrophages and Schwann cells containing lipid droplets were
observed within the remaining basal lamina of degenerated axons.
The existence of unmyelinated and thinlymyelinated large caliber axons
indicated demyelination and/or regeneration (Fig. 4D). In many cases,
several medium diameter axons regenerated within a single Schwann
cell basal lamina from a degenerated axon. These significant patholo-
gical changes were consistently observed only in tissue undergoing
loading sufficiently above 38.2 mN.

Macrophage infiltration at day 7

At day 7, CD68-positive macrophages in the C7 dorsal root were
evident for compressions throughout the full range of loads (Table 1).
In fact, only three compressed roots did not display any evidence of
macrophage infiltration. For normal naïve rats, fewmacrophages were
observed on the dura surrounding the dorsal root, and none were
present within the dorsal root (Fig. 5A). No increase in macrophage
recruitment above normal was present for shams (Table 1). For all
compression loads, at day 7 macrophages penetrated the dura mater,
and infiltration was more robust than at day 1 (Table 1, Fig. 5).
Immunostaining was concentrated near the site of compression,
extending into the DRG; staining extended into the spinal cord for two
roots compressed above 38.2 mN (#199, #215) (Fig. 5). For all samples
except one (#200) receiving a load above the threshold for producing
persistent behavioral hypersensitivity, the root was fully infiltrated by
macrophages and myelin debris was engulfed within the macro-
phages (Fig. 5C). However, most roots loaded below that threshold
also demonstrated considerable CD68-immunoreactivity in the
perineurium and among the dorsal root fibers (Fig. 5B). By logistic
regression, the 50th-percentile load threshold for producing increased
macrophage infiltration at day 7was predicted at 20.1 mN (±10.3 mN).
This regression had a significant chi-squared distribution (pb0.004)
despite positive immunostaining for most sub-threshold compression
loads (Table 1, Fig. 3B). The trend in macrophage infiltration across
all loads was also detected by quantitative densitometry analysis

Fig. 4. (A–C) Representative images of axial sections of the C7 dorsal root approximately 800 μm from the dorsal root entry zone, central to the site of compression, stained with
toluidine blue at day 7. Images demonstrate samples that underwent (A) no loading, (B) a 49.3 mN load, and (C) a 72.6 mN load. (C) Large denervated cellular regions lacking
myelinated axons (arrows) are surrounded by surviving axons. Remaining myelin sheaths from degenerated axons (⁎) are also present following large loads but not for the smaller
loads or unloaded case. A capillary is indicated by the letter ‘C’. (D) Transmission electronmicroscopy image of the same dorsal root compressed by a load of 72.6 mN (C) demonstrates
a macrophage (M) engulfing myelin debris near a surviving myelinated axon (A). Regenerating axons (r) surrounded by the basal laminae of Schwann cells (S) are also observed. Scale
bar in (A)=20 μm and applies to (A) through (C). Scale bar in (D) =2 μm.

Table 2
Axonal degeneration

Rat ID Applied load (mN) Axonal degeneration

267 3.0 –

272 11.4 +
268 49.3 –

266 57.8 +
269 72.6 +
271 102.1 +

+ indicates myelin degradation and Wallerian degeneration.
– indicates no abnormal pathology.
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(Table 1). For all compression loads, there was at least a small increase
in macrophage infiltration relative to sham. Immunostaining in
greater than 10% of the compression region was observed in most of
the samples loaded both above and below 38.2 mN (Table 1).

Discussion

This study demonstrates that transient compression of the cervical
dorsal root is sufficient to disrupt proteins used for axonal transport in
myelinated fibers within the compressed root for certain magnitudes
of load (Table 1, Figs. 2 and 3). Further, the load threshold (31.6 mN) for
producing axonal swellings and decreases in NF200-immunoreactiv-
ity at day 7 is similar to the threshold previously determined
(38.2 mN) for producing mechanical behavioral hypersensitivity at
that same time point in this radiculopathy model (Hubbard et al.,
2008). Macrophage infiltration is also observed within the com-
pressed roots at this same time point, but does not demonstrate a
strong dependence on load magnitude (Table 1, Figs. 3 and 5). Despite
behavioral hypersensitivity being produced at day 1 following
compression for loads above 26.3 mN (i.e. those cases where load is
greater than the threshold for onset of behavioral hypersensitivity),
neither NF200- nor CD68-reactivity were observed to be different
from the uncompressed root at this time point (Table 1). While
assayed in a limited number of samples, myelinated axon degenera-
tion central to the compression site at day 7 generally followed the
trends exhibited by NF200, further suggesting that axonal damage and
dysfunction are produced by compression loads that correspondingly
produce behavioral hypersensitivity.

Immediately following trauma to neural tissue, the initial stages of
Wallerian degeneration produce structural defects in myelin, which
signal the activation of resident endothelial, immune, and glial cells.
These cells release inflammatory cytokines and present chemoattrac-
tant molecules, which recruit macrophages to phagocytize the myelin
debris (Watkins and Maier, 2002). Infiltrating macrophages also
release their own store of cytokines, prostaglandins, and degradative
enzymes (Ma andEisenach, 2003). In this study,mechanical behavioral
hypersensitivity was produced at 1 day following dorsal root
compression for loads greater than 26.3 mN (Table 1, Fig. 1), prior to
the production of detectable changes in NF200- or CD68-immunor-
eactivity, suggesting no breakdown in axonal architecture or local
inflammation at that early time point. However, at day 7 axonal
degeneration and macrophage infiltration were evident for loads
producing persistent behavioral hypersensitivity (Tables 1 and 2,
Figs. 2, 3, 4 and 5). The absence of these same tissue responses at day 1

suggests either that early stages of degeneration and inflammatory
signaling are not yet detectable or that the onset of behavioral
hypersensitivity is notmediated by local degenerative or inflammatory
changes. Vasogenic edema in the nerve root has been shown to
increase within 1 h for compression loads greater than 15 gf (147 mN)
in a canine model of lumbar radiculopathy (Kobayashi et al., 1993;
Kobayashi and Yoshizawa, 2002); although those canine studies did
not investigate behavioral outcomes, the enhanced extravasation of
protein tracers from radicular capillaries following nerve root
compression suggests a potential route for circulating inflammatory
cells to infiltrate the endoneurial space. Moreover, inflammatory
cytokines, such as TNF-α and IL-1β, can increase in the DRG and spinal
cord as early as within the first 24 h in models of neuropathic and
inflammatory pain (Cuellar et al., 2004; Sommer and Kress, 2004; Xie
et al., 2006). Since macrophage infiltration was not observed at day 1
(Table 1), if the onset of nerve root-mediated behavioral hypersensi-
tivity involves local cytokines, the source of these cytokinesmay be the
resident neurons and/or glial cells already present at the site of injury.

Neurons in the DRG become hyperexcitable immediately after
injury to their axons, which can also lead to extended periods of
spontaneous ectopic neuronal firing and pain (Sheen and Chung,1993;
Waxman et al., 1999; Boucher et al., 2000; Iwata et al., 2004; Zhang
et al., 2004; Kirita et al., 2007). Several studies suggest that ectopic
firing after axonal damage results from calcium influx or altered
sodium channel subtype expression (Waxman et al., 1999; Boucher
et al., 2000; Iwata et al., 2004; Kirita et al., 2007). These changes in ion
flux could be responsible for the acute behavioral hypersensitivity
produced in the absence of immediate axonal degeneration. Together
with the results from this study, such findings suggest that immediate
behavioral hypersensitivity in this model of transient compression
may result from an immediate release of proinflammatory cytokines
by resident cells, or via altered primary afferent electrical activity that
occurs prior to the neuronal degeneration or macrophage infiltration
observed later at day 7 (Figs. 3 and 5) (Waxman et al., 1999; Boucher
et al., 2000; Cuellar et al., 2004; Sommer and Kress, 2004; Iwata et al.,
2004; Xie et al., 2006; Kirita et al., 2007). Further studies are required
to determine the role of these inflammatorymediators as a function of
nerve root compression mechanics.

Data from this study suggest that similar mechanical load thresh-
olds govern degeneration and persistent mechanical behavioral
hypersensitivity observed at day 7 (Fig. 3). Both the depletion of
NF200-immunoreactivity in the compressed region of the dorsal
root and Wallerian degeneration central to the site of compression
were load-dependent in this study. In previous studies, markers of

Fig. 5. Representative images of the region of compression at day 7 immunostained against the CD68 receptor. Moderate or high CD68-immunoreactivity was observed in the majority of
roots that were compressed, either (B) below or (C) above the threshold for behavioral hypersensitivity. Such reactivity was not apparent in (A) uncompressed roots. (C) Macrophages
phagocytizing myelin debris (arrow heads) are present for most compression loads, extending into the spinal cord in some cases. Scale bar in (A) =100 μm, applies to all.
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myelinated axonal loss have not been observed immediately, but
develop over the first week after compression (Brück, 1997; Kobayashi
et al., 2004). Within the first week after neuronal compression,
neurons exhibit decreased firing thresholds and increased action
potential durations (Ma et al., 2003). During that time frame, the
progression ofWallerian degeneration can alter electrophysiology and
membrane properties in compressed neurons and increase signaling of
leukocytes and chemokines, enhancing neuronal excitability in
adjacent, surviving axons (Boucher et al., 2000; Li et al., 2000; Brack
and Stein, 2003; Obata et al., 2003; Song et al., 2003;White et al., 2005;
Tan et al., 2006). While surviving axons can produce aberrant signals
after compression, regenerating A-fibers may also re-map to the
superficial laminae of the spinal cord (Ramer et al., 1997; Nakamura
andMyers, 1999, 2000;Watanabe et al., 2007). This plasticity provides
a potential mechanism by which normal mechanosensation may be
interpreted as painful stimuli even after aberrant neuronal firing has
decreased. With these neuronal changes associated with the degen-
erative process occurring at the same loads that cause persistent
behavioral hypersensitivity, axonal degenerationmay likely contribute
to sensitivity consistent with an allodynia-like response. Of course, the
possibility remains that degeneration changes may be only correlative
with behavioral changes. Dorsal root compression produced a
significant decrease in NF200-immunoreactivity at day 7 for loads
greater than a 50th-percentile load of 31.6 mN (±9.4 mN), while the
load threshold for producing persistent mechanical behavioral
hypersensitivity was 38.2 mN (Hubbard et al., 2008). Wallerian
degenerationwas also present in myelinated axons for large compres-
sion loads (Table 2, Fig. 4), confirming that the survival of the
compressed axons appears to depend on the mechanical profile of
the traumatic insult. While previous studies demonstrate that
compression of axons can produce hypersensitivity and degeneration
(Myers et al., 1996; Brück, 1997; Sekiguchi et al., 2003), this is the first
study to define a load threshold for transient compression abovewhich
both degenerative pathological changes and behavioral hypersensitiv-
ity are produced.

Although this study provides evidence linking axonal degeneration
with behavioral symptoms consistent with pain responses following
mechanical nerve root trauma, infiltrating macrophages did not
exhibit the same degree of sensitivity to applied load. The low load
for producing elevated CD68-immunoreactivity (Table 1) suggests
that while an inflammatory response may augment the aberrant
axonal firing activity associated with allodynia-like responses (Song
et al., 2003), macrophage infiltration alone may not be sufficient to
produce a behavioral response. CD68-positive macrophages were
observed to infiltrate the compressed root at day 7, for even the lowest
compression loads (Table 1). The threshold (20.1±10.3 mN) deter-
mined for macrophage recruitment at day 7 was lower than that for
producing persistent behavioral hypersensitivity (Fig. 3B). It is
possible that macrophage infiltration observed here is primarily a
result of the perceived disruption of the axonal architecture and
myelin sheath (Brück, 1997, Scherer and Salzer, 2001) and is only
indirectly associated with behavioral hypersensitivity. Cui et al. (2000)
found that neuropathy models that produced the most behavioral
hypersensitivity were correlated with those that also produced the
greatest macrophage response. However, the variation in hypersensi-
tivity between model types in that study suggests that macrophage
infiltration is more sensitive to axotomy or photochemical lesion than
to chronic constriction, not that macrophages necessarily affect the
development of behavioral hypersensitivity. Additionally, when the
ubiquitous macrophage response was suppressed by depleting the
peripheral macrophage population in a chronic neuropathy model,
Rutkowski et al. (2000) was not able to abolish behavioral hypersen-
sitivity. Taken together with our findings, these studies suggest that
macrophage infiltration, in response to perceived axonal damage, may
enhance neuronal hyperexcitability, but the macrophage response
alone may not elicit behavioral hypersensitivity.

NF200-immunoreactivity is used in this study to infer the damage
to all fiber subtypes in the dorsal root. However, NF200 is primarily
expressed in large diameter neurons not small, nociceptive afferents.
Stone et al. (2004) suggest that impairment of axonal transport
following mechanical tissue strain is variable across different sized
fiber subpopulations and that such impairment is preferentially more
severe in larger axons. That report implies that an assessment of
NF200 transport impairment may overestimate the damage that is
produced in small, unmyelinated fibers because those fibers are less
susceptible to damage following tissue strain. The load threshold
(31.6 mN) for producing decreases in NF200 determined here is a mild
underestimate of the threshold for persistent mechanical behavioral
hypersensitivity (38.2 mN), which corroborates the assertion that
NF200-immunoreactivity overestimates damage to nociceptive fibers.
The similarity in load thresholds for NF200-immunoreactivity and
behavioral hypersensitivity consistent with allodynia-like responses
strongly implicates local axonal disruption and degeneration in
contributing to persistent pain. Certainly, this study investigated
responses at only two time points after nerve root compression, and
results should be interpreted in that context. The local and spinal
cascades following nerve root injury are multifaceted and temporally
dynamic, and findings from this study reflect only those results at days
1 and 7. Additional studies at later time points and with larger sample
sizes would enable more detailed insight into the complicated
relationships between load, injury, neuronal and inflammatory
responses, and behavioral hypersensitivity. Accordingly, the thresh-
olds defined in this study reflect findings incorporating the inherent
limitations with time points and sample sizes.

In summary, transient compression of the cervical dorsal root
produces load-dependent axonal transport disruption anddegeneration
on day 7, and the threshold for producing these pathological changes is
very similar to that load required to produce sustained behavioral
hypersensitivity. In contrast, CD68-immunostaining is evident at day 7
regardless of theproductionor absenceof behavioral symptoms.Despite
the presence of behavioral hypersensitivity on day 1, neither neurode-
generation normacrophage infiltrationwas observed at that time point,
suggesting that aberrant neuronal firing and immediate changes in
axonal properties may contribute to the onset of behavioral hypersensi-
tivity. Taken together, these data suggest that load-based Wallerian
degeneration and transport interruption are strongly associated with
persistent behavioral hypersensitivity.Macrophage infiltrationmay be a
component of the inflammatory response that is only indirectly
associated with behavioral hypersensitivity. However, there are likely
aspects of the local inflammatory response that specifically contribute to
persistent pain (Watkins and Maier, 2002). Nonetheless, the similarity
between load thresholds for initiating morphological changes in mye-
linated axons and mechanical behavioral hypersensitivity in transient
root compression suggest that axonal dysfunction, or its sequelae,
mediate maintained behavioral hypersensitivity, and, if prevented, may
reduce persistent pain.
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