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Abstract

In many clinical cases of radicular pain, no noticeable neuropathology is detected by conventional medical imaging strategies.

Superparamagnetic iron oxide (SPIO) nanoparticles were evaluated as magnetic resonance contrast agents to specifically detect

neuroinflammation at sites of painful injury in a rat model of cervical nerve root compression. Two separate groups of rats were used:

an injury group that underwent controlled transient compression of the dorsal root and a sham group that received the same surgical

procedures but no injury. Precontrast magnetic resonance imaging (MRI) was performed 6 days after surgery, followed by

administration of SPIO via tail vein injection. After 24 hours, T2*-weighted imaging at the site of root injury revealed a postcontrast

enhancement of 72.9 6 31%. This was significantly greater than that of injured animals prior to SPIO administration (5.3 6 12.9%).

SPIO did not generate any significant postcontrast enhancement in the nerve roots of the sham group. Histology confirmed

colocalization of SPIO with macrophage at the injury site. These findings suggest that SPIO-enhanced MRI may be a valuable tool to

identify otherwise undetectable nerve root compression and enable improved patient management.

C ERVICAL RADICULOPATHY is a neurologic condi-

tion characterized by symptoms of pain or dysfunc-

tion originating from a cervical spinal nerve or nerve roots.

This condition is often severely debilitating and manifests

as hypersensitivity to mechanical and temperature stimuli

in the neck and radiating in to the arm.1,2 For some, pain

persists for several years after injury, leading to chronic

disability,3 with staggering societal and economic costs,4,5

and affects as many as 71% of adults.6,7

Radicular pain commonly results from mechanical

and/or chemical insult of the nerve roots.8–10 Radiologic

evidence of neural impingement, such as disk collapse and/

or protrusion, spondylosis, or foraminal occlusion, is seen

in as many as 44% of lower back pain11 and 68% of neck

pain cases.3 However, in most of the remaining cases, no

noticeable tissue compression or pathology is detected.

Consequently, pain may result from a transient mechanical

injury that is not apparent through conventional diag-

nostic radiology but nonetheless produces significant

neuronal damage.12 The challenge of diagnosing this

clinical syndrome is exacerbated by the high rates of

positive radiologic findings in asymptomatic subjects.13–16

Recent studies have reported that local inflammation

can be induced by transient mechanical injuries to neural

tissues.8,17 In a rat model of cervical radiculopathy,

transient compression of the C7 cervical dorsal nerve root

produces persistent behavioral sensitivity, as measured by

mechanical allodynia (sensitivity to an otherwise nonpain-

ful mechanical stimulus).18–20 Transient compression is

also sufficient to produce wallerian degeneration, along

with hallmarks of neuroinflammation, including increased

upregulation and expression of neuropeptides, growth

factors, and cytokines, and sustained inflammatory cell

activation at the injury site and in the spinal cord.17,21,22

Infiltrating macrophages ingest axonal debris at the injury

site and have been shown to be a principal element in the

development of pain.23–25

It has been previously demonstrated that superpar-

amagnetic iron oxide (SPIO) can be used to detect

macrophage in vivo. Following their phagocytic uptake,

these nanometer-sized contrast agents generate local

hypointensity in T2- and T2*-weighted images. SPIO has
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been used to study the inflammatory processes of a

number of pathologies, including soft tissue infection,26–28

implant rejection,29 and atherosclerosis,30–32 among

others.33 Previous neuroinflammatory imaging applica-

tions of SPIO include multiple sclerosis,34–37 peripheral

nerve injury,38,39 and cell migration in severe spinal cord

trauma.40,41 However, there are no in vivo cellular imaging

studies investigating the use of SPIO to identify and/or

localize the anatomic site of pain resulting from a

controlled, transient neural injury.

The purpose of this study was to evaluate SPIO

detection of a cellular inflammatory response following

transient nerve root compression sufficient to produce

sustained behavioral sensitivity. Application of SPIO to

investigate neural damage in vivo may provide a powerful

tool for both the diagnosis and assessment of therapy of

this otherwise occult neuropathy.

Materials and Methods

Materials

All chemicals and equipment were purchased from Fisher

Scientific (Pittsburgh, PA), unless otherwise noted.

Animal Care and Use

Male Holtzman rats (Harlan Sprague-Dawley, Indianapolis,

ID) were housed under US Department of Agriculture–

and Association for Assessment an Accreditation of

Laboratory Animal Care–approved conditions with free

access to food and water. All experimental procedures

were approved by the University of Pennsylvania Insti-

tutional Animal Care and Use Committee and carried out

under the guidelines of the Committee for Research and

Ethical Issues of the International Association for the Study

of Pain.42

Nanoparticle Synthesis and Characterization

SPIO nanoparticles were prepared using the chemical

coprecipitation technique.43 Briefly, a solution of iron salts,

1.97 g of FeCl3 and 0.7313 g of FeCl2 (each in 12.5 mL of

dH2O), was dissolved in the presence of 25 g dextran-T10

(GE Healthcare, Waukesha, WI) in 50 mL dH2O under

nitrogen gas. The vessel was cooled to 4uC, and 15 mL of

ammonium hydroxide was added. This solution was then

heated to 90uC for 1 hour, cooled overnight, and then

purified from aggregates by ultracentrifugation at 20k RCF.

The supernatant containing nanoparticles was diafiltrated

against greater than 20 volumes of 0.02 M citrate, 0.15 M

sodium chloride buffer, using a 100 kDa cutoff membrane

(GE Healthcare). Finally, particles were exchanged into pH

7.4 phosphate-buffered saline (PBS), 0.2 mm syringe filtered,

and stored at 4uC.

SPIO nanoparticles were characterized by dynamic

light scattering to determine hydrodynamic diameter using

a Zetasizer Nano-S (Malvern Instruments, Malvern, UK).

The transverse relaxivity, R2, of the particles was calculated

as the slope of 1/T2 against iron concentration. T2

relaxation times were determined using a Bruker mq60

MR relaxometer (Bruker, Milton, ON) operating at 1.41 T

(40uC) using a standard Carr-Purcell-Meiboom-Gill muli-

techo sequence (t 5 1.5 ms and 2 dummy echoes).

Surgical Procedures

The transient unilateral nerve root compression injury has

been previously described and reliably induces sustained

behavioral sensitivity that lasts for nearly 3 weeks.44–47

Briefly, a hemilaminectomy and a facetectomy were

performed at the C6–C7 level of the right side to expose

the C7 roots. For painful injury, a microvascular

compression clip (World Precision Instruments, Inc.,

Sarasota, FL) was used to apply a 10 gmf compression to

the dorsal nerve root for 15 minutes (n 5 6; Figure 1A).

Identical surgical procedures were carried out for the sham

group except that the nerve root was exposed only,

without any compression (n 5 4). The surgery site was

sutured and closed with surgical staples. Surgical proce-

dures were performed under inhalation anesthesia using

4% isoflurane for induction and 2% for maintenance. At

the time of surgery (day 0; Figure 1B), all rats weighed

between 275 and 308 g. Rats were continuously monitored

following recovery.

Magnetic Resonance Imaging

All experiments were performed using a 9.4 T horizontal

small-animal Varian Magnetic Resonance Imaging System

equipped with a 25 g/cm gradient insert (Varian, Palo

Alto, CA) at the Small Animal Imaging Facility

in the Department of Radiology at the University of

Pennsylvania. Imaging was performed using a dual-coil

system; a 7 cm diameter volume coil was actively detuned

for use with a 2.5 cm loop receive-only surface coil

(InsightMRI, Worcester, MA).

Rats were anesthetized prior to imaging, as described

above, and placed supine into a custom-built stereotactic

restraint device that held the surface coil to the cervical
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spine. A coaxial breathing apparatus delivered anesthetic

throughout the scan and removed CO2 and excess

isoflurane. Temperature and electrocardiography probes

were used to monitor the rats in the 37uC environment

supplied by an air heating system (SA Instruments, Inc.,

Stony Brook, NY).

Precontrast image sets were acquired at day 6 following

surgery (see Figure 1B). After the precontrast imaging session,

10 mg Fe/kg (approximately 300 mL) was delivered

systemically by tail vein injection. Postcontrast image sets

were acquired 24 hours later, on day 7 following surgery (see

Figure 1B). Identical imaging procedures were used for both

of the pre- and postcontrast imaging sessions. In vivo

magnetic resonance imaging (MRI) of the C6 and C7 spinal

cord and nerve roots was performed using VnmrJ software

(Varian). The MRI protocol began with several low-

resolution, that is, ‘‘scout,’’ sequences to locate the C6 and

C7 nerve roots. This was followed by a T2*-weighted gradient

echo multislice sequence (repetition time 200 ms, echo time

5.5 ms, 20u flip angle) in the axial plane. Greater T2*-

weighting, although desired, was precluded owing to the

proximity (and enclosure) of interrogated anatomy to bone.

Fifteen interleaved slices were typically acquired, with a

thickness of 0.5 mm, number of excitations 5 8, number of

readout points 5 256, number of phase encoding steps 5 256,

and a field of view of 5 cm 3 5 cm.

Image and Statistical Analyses

Image sets were analyzed using ImageJ (National Institutes

of Health, Bethesda, MD) following their conversion using

the Multi FDF Opener plug-in (Shanrong Zhang,

University of Texas Southwestern Medical Center, Dallas,

TX). User-defined regions of interest (ROI) of equal area

were set for the ipsilateral and contralateral (control) C6

and C7 nerve roots, as well as two background (paraspinal

muscle) locations, under radiologist-blinded (pre-, post-

contrast, injured, or sham) conditions.

On a slice-specific basis, the relative signal intensity (rSI)

was calculated by division of the mean intensity of

the ROI at each nerve root by that of the paraspinal

muscle. For each subject, this value was then normalized to

the rSI maxima of the C6 nerve root to give the normal-

ized rSI (nrSI) for ipsilateral and contralateral roots.

Quantitative comparison of the pre- and postcontrast C7

nerve roots, as well as between injured and sham groups,

was made possible by then computing the average difference

of the normalized rSI peak and immediately adjacent slices.

MRI findings, the presence or absence of enhancement,

were considered significant if p , .01. A two-tailed Mann-

Whitney test was used.

Tissue Harvest and Immunohistochemical Staining

Tissue was harvested from all rats immediately following

the final imaging session on day 7 (see Figure 1B).

Transcardiac perfusion was performed using PBS and then

a 4% paraformaldehyde-in-PBS mixture; the cervical

spinal cord was exposed and the C7 level was bisected to

enable removal of the nerve roots and spinal cord en bloc

on each of the ipsilateral and contralateral sides separately.

Tissue samples were embedded in paraffin to enable axial

sectioning (10 mm thick). Nanoparticles were localized in

the tissue by Prussian blue staining for iron oxide using a

1:1 mixture of 2% potassium ferrocyanide and 2% HCl for

20 minutes. Sections were rinsed in dH2O, dehydrated,

cleared in Citrisolv, and then coverslipped using

Permount. Serial sections were also immunostained to

Figure 1. Schematic of transient nerve root compression injury and imaging timeline. A, The painful injury is provoked by transient compression
of the right C7 dorsal nerve root. A hemostatic compression clip (*) is applied proximal to the dorsal root ganglion (DRG) following the disclosure
of the nerve root. The ventral ramus (VR) and dorsal ramus (DR) are also indicated. SC 5 spinal cord. B, The timeline for the experiment shows
that following 6 days of recovery, precontrast images of the animals are acquired with a 9.4 T MR. SPIO nanoparticles are tail vein injected
following the precontrast imaging session, and postcontrast scanning is performed 24 hours later. MRI 5 magnetic resonance imaging.
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colocalize macrophages with SPIO; activated macrophages

were stained using an antibody against the CD68 receptor

(ED-1, Serotec, Oxford, UK). A horse antimouse second-

ary antibody (Vector, Burlingame, CA) was used and

developed using the ABC kit (Vector). Sections were

dehydrated, cleared, and then mounted.

Results

Precontrast images were acquired after 6 days of recovery

from surgery. Dextran-coated SPIO nanoparticles, with a

29 nm hydrodynamic diameter and a relaxivity (R2) of

approximately 104 mM21s21, were then injected at a dose

of 10 mg Fe/kg. The following day, imaging was repeated.

The cervical nerve roots at the C6 and C7 nerve root levels

were visualized with 0.5 mm thin axial slices in series using

a T2*-weighted multislice gradient echo sequence.

A representative axial acquisition from each group,

pre- and postcontrast, is shown in Figure 2. Scans of the

rat cervical spine show the spinal cord at the center

surrounded by vertebral bone enclosed in muscle. Careful

axial slice selection afforded visualization of both the

ipsilateral and contralateral roots in the field of view,

allowing for an inherent control (contralateral root) to be

included throughout imaging. Bilateral roots can be

readily seen in the precontrast images for both the injured

and sham groups; however, there is a clear loss of signal in

the ipsilateral (compressed; see Figure 2D) root in the

postcontrast images of the injured group.

The placement of ROI used for quantitative analysis is

given on a representative acquisition in Figure 3A. Here

the spinal cord with roots passing through the surround-

ing vertebrae at C7 is shown. The spinal level of interest

was localized using the landmarks of soft tissue injury

(introduced during the surgery) and anterior tubercles

(present only at the C6 level). ROI were drawn for each

dorsal root as well as at sites in the surrounding back

muscle. If no nerve root was visible, the ROI was placed in

the linearly inferred position between successive roots.

The flexibility of the rat neck in multiple directions

meant that axial plane alignment of both ipsilateral and

contralateral nerve roots was not always feasible, despite

the use of a stereotactic restraint device. Therefore, to

ensure that the signal loss at the injured root was a result of

SPIO accumulation rather than from imaging artifacts,

such as partial-volume effects, a series of sequential slices

was acquired for each rat to include nerve roots through

the C6/C7 levels. A representative series of such acquisi-

tions is shown in Figure 3, B to F. These five adjacent slices

at C6 from a C7-compressed rat show that there was no

evidence of signal loss in the ipsilateral root at one level

above the injury.

The normalized relative signal intensity (nrSI) com-

puted for each imaging slice in the rostral-to-caudal

direction of representative animals is shown in Figure 4.

The periodic maxima reflect the appearance of the nerve

roots, whereas the minima reflect the presence of bone.

Qualitatively, it is evident that there is little discrepancy

between the ipsilateral and contralateral nrSI in the

precontrast series. An example of slight offset of roots, as

described above, is seen in Figure 4B; here the bilateral C6

roots are in different imaging planes. The decrease in the

nrSI at C7 in the postcontrast injured rat, resulting from

SPIO accumulation, is substantial (see Figure 4D).

To quantitatively compare the sham and injured

groups, pre- and postcontrast, the percentage difference

between the contralateral and ipsilateral nrSI was calcu-

lated (see double-ended arrow, Figure 4D). These values

Figure 2. Imaging SPIO-induced hypointensity at the injury site.
Representative magnetic resonance acquisitions of spinal cord and
nerve root level C7 (C6 vertebral level). Use of a dual-coil arrangement
afforded high-resolution imaging at tissue depths of several centi-
meters. The spinal cord (SC), vertebrae (V; especially the anterior
tubercle), disk (IVD), nerve roots (ipsilateral [Ip] and contralateral
[Co]), and wind pipe are clearly visible for each subject. Soft tissue
filling of the void created on hemilaminectomy bone removal to
expose the roots is evident (indicated below the open square in A).
Both the ipsilateral and contralateral nerve roots are visible on the
images for the sham animal, A and B, respectively. In contrast, the
ipsilateral nerve root on the postcontrast image appears hypointense
(indicated by the arrow in D) compared to the precontrast image (C).
The scale bar is 0.5 cm in length and applies for all panels.
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are plotted as percent change in Figure 5. SPIO

accumulation over 24 hours led to local hypointensity

and a difference in nrSI between the roots in the injured

case of 72.9 6 31%. No significant change in precontrast

images of nrSI was detected between ipsilateral and

contralateral nerve roots in the injured (5.35 6 12.9%)

or sham (210.8 6 5.4%) animals. Further, the sham

group showed no significant nerve root enhancement

(2.8 6 14.1%) 24 hours after the SPIO injection.

Histologic evaluation of the nerve roots and spinal cord

was performed to identify the presence or absence of

activated macrophages and iron oxide particles.

Representative micrographs of dorsal roots and spinal

cord are shown in Figure 6. The detection of SPIO and

macrophage by immunostaining was observed in the

injured C7 root (see Figure 6, E and F). Very few

inflammatory cells and little accumulated iron oxide were

observed at the ipsilateral C6 root above the nerve root

injury (see Figure 6, G and H). Generally, the iron oxide

was colocalized with macrophages at the injury site.

Inflammatory cells and accumulated SPIO were absent in

the C7 roots of the sham animals and the contralateral root

of the injured animals.

Discussion

MRI of the cervical spine provides high-resolution

visualization of the spinal cord, nerve root, and skeletal

architecture. However, the difficulty in using this informa-

tion to identify the anatomic origin responsible for cervical

radiculopathy or to correlate pathology with pain

symptoms is a significant challenge in clinical patient

management.16 Noninvasive markers for the detection of

neuroinflammation have significant potential to impact

clinical practice through detection and monitoring of

therapy for cervical pain.

In animal pain models that use ligation,48 compres-

sion,49 or chemical irritation50 of neural tissue, hypersen-

sitivity of the affected enervated area is assessed through

behavioral responses to mechanical and/or temperature

stimuli. In the painful injury model investigated here,

compression of the C7 nerve root induces sustained

behavioral sensitivity that extends into the forepaw,

mimicking the clinical presentation of persistent radicular

pain.25 This same mechanical loading of the nerve root

also leads to macrophage infiltration at the root and

release of inflammatory cytokines, further contributing to

persistent behavioral hypersensitivity.21 In our study, we

used SPIO contrast agents for the noninvasive in vivo

cellular detection of neuroinflammation.19

It was found that one day following the administration

of SPIO, hypointense signal was observed at the injured

site on a T2*-weighted image. Inflammation, signified by

either hyper- or hypointensity, was not detectable at

injured roots prior to contrast enhancement (see Figure 2,

A and B). Further, noncompressed roots demonstrated no

significant change in signal ratio following contrast

delivery. Confirmation that the decrease in signal at the

injured site was due to the specific presence of SPIO was

accomplished by colocalizing the iron from the particles to

the activated macrophage surface marker CD68 in the

nerve root (see Figure 6).

Figure 3. Sequential magnetic reso-
nance imaging slices of nerve root. A,
A representative axial image is pre-
sented, overlaid with ROI for the
ipsilateral (Ri) and contralateral (Rc)
roots as well as background paraspinal
muscle (B1 and B2). The ROI have
been slightly enlarged for clarification.
Analyses investigated relative signal
through a series of sequential acquisi-
tions to avoid artifactual errors, such
as partial-volume effects, from dis-
torting the results. An example of five
consecutive 0.5 mm slices through the
C6 nerve roots (C5 vertebral level) is
shown rostral to caudal in B to F. The
scale bar is 0.5 cm in length and
applies for all panels.
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Comparison of nrSI between the ipsilateral and

contralateral roots of the injured group revealed a

significant change (72.9 6 31%) in the injured root after

SPIO accumulation. No significant percentage difference

of nrSI was determined outside the injured postcontrast

group. Small quantities of iron oxide and macrophage

were detected by histology at the ipsilateral C6 root of the

rats in which the C7 root was compressed; however, this

extent of SPIO accumulation was below the magnetic

resonance detection limit. These results indicate that this

technique is specific for detecting the site of injury,

potentially providing a means to guide surgical interven-

tions for treatment of radiculopathy patients. However, it

should be noted that future use of the nrSI metric, which is

dependent on C6 root signal intensity, requires that the

injury be localized to a single level. This shortcoming could

be alleviated through the imaging of additional nerve

roots. In the present study, MRI was limited to only two

vertebrae for each rat owing to the flexibility and depth of

the cervical spine, which is situated further from the back

than the thoracic or lumbar spine. The surface coil was

positioned with the C6 and C7 roots in the field of view to

evaluate both a noninjured and a potentially injured level

at the same time.

Previous work using SPIO-enhanced MRI of nerve

injury reported hyperintensity at the injury site following

compression, followed by darkening on contrast admin-

istration.38 The hyperintense signal feature was not

observed here and may have been masked by the bone

surrounding the root or may be present only with the

Figure 4. Normalized relative signal intensity of nerve roots (NRs). The relative signal intensity (rSI, relative to paraspinal muscle) in the
ipsilateral (dashed) and contralateral (solid) NRs was normalized to the maxima rSI at the C6 level. Representative normalized relative signal
intensity (nrSI) acquired from sequential magnetic resonance imaging slices (rostral to caudal) is shown for sham animals (A) precontrast and (B)
postcontrast as well as injured animals (C) precontrast and (D) postcontrast. Periodic increases in signal were found to correlate with the
appearance of roots. The signal minima correspond to bone and intervertebral tissue. Sham and precontrast injured subjects did not demonstrate
discrepancy in nrSI. When investigating postcontrast injured animals, a large difference in the C7 nerve root nrSI was observed between the
ipsilateral and contralateral roots, as indicated by the double-ended arrow.
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production of edema, which occurs for more severe

insults, such as used in that model. A further difference

between the two studies was that contrast enhancement

was possible only if SPIO were administered 1 day

following injury, whereas the imaging studies here were

not performed until 6 days after the initial injury. This

conforms with earlier investigations of the model

employed in this study, which have revealed that

macrophage accretion continues for at least 7 days

following transient injury.25

Although the work presented here needs to be

validated at clinically relevant scanning strengths, it

should be noted that many of the anatomic challenges

and limitations presented by the rat are not present to the

same extent in humans. Cervical vertebrae are well

visualized and aligned in the supine position.51

Furthermore, the much larger diameter of the roots in

the human (approximately 0.5 cm) would enable greater

distinction of bony versus neural tissues and identification

of SPIO accumulation.

In conclusion, SPIO labeling in vivo, using an

analogue of commercially available and clinically

approved agents (for example, the 20–40 nm diameter

ferumoxtran52), demonstrated cellular visualization of an

otherwise occult painful neural injury. The injured nerve

roots were readily identified 24 hours following the

injection of contrast. Ratiometric assessment of nerve to

A

B D F H
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Figure 6. Histologic colocalization of SPIO and activated macrophage. Staining of dorsal nerve roots (NRs) was performed for both macrophage
and iron following the final imaging time point. Representative ipsilateral (Ipsi) C7 NRs of sham animals were stained for macrophage and iron
oxide (A and B, respectively). Neither immune cells nor SPIO nanoparticles were detected. This was also the case for the C7 NRs on the
contralateral (Con) side of injured animals (C and D). Activated macrophage staining (E) and corresponding iron (F) were evident on the
transiently injured NR (ipsilateral side of C7). Finally, limited inflammatory cell infiltration and corresponding iron oxide were found in the C6
ipsilateral NR of the injured subjects (G and H). The scale bar in H (equivalent to 100 mm) applies for all images.

Figure 5. SPIO-enhanced detection of nerve root compression.
Quantification of the enhancement in the normalized relative signal
intensity (nrSI) between the ipsilateral and contralateral nerve roots is
shown. The mean enhancement in precontrast (filled symbols) and
postcontrast images (open) is plotted along with the standard deviation
for each group. Significant enhancement (p , .01) between the (**)
pre- and postcontrast roots in the injured group as well as between the
(*) sham and injured postcontrast nerve roots was found.
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background tissue specified a significant difference in the

normalized signal intensity ratio following administration

of SPIO. Future studies will seek to use SPIO-enhanced

MRI to monitor treatment efficacy and study the ‘‘root’’

causes of radicular pain. It is expected that cellular MRI

of the site of injury will allow for personalized,

quantitative, and real-time monitoring of antiinflamma-

tory treatment strategies aimed at alleviating radicular

pain.
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