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Abstract: Manganese-enhanced magnetic resonance imaging (MRI) is a surrogate method to measure calcium
content in nervous system since manganese physiologically follows calcium. Manganese is detectable in MRI and
therefore visualizes structures and cell populations that actively regulate calcium. Since calcium is actively recruited
for the transmission of action potentials, our purpose is to validate manganese-enhanced MRI for detection of
changes in lumbar nerves related to nociception. A neuropathic pain model was created by chronic constrictive
injury of the left sciatic nerve of Sprague-Dawley rats. Behavioral measurements, using von Frey’s tests, confirmed
the presence of significant allodynia in the left hind limb of animals in the injured group. T1-weighted fast spin echo
images were obtained of the lumbar cord and plexus of animals with injured left sciatic nerve and uninjured animals
(control) scanned in a 7 Tesla magnet after intraperitoneal manganese chloride administration four weeks after sur-
gery. Lumbar nerve roots and sciatic nerves in the injured group show increased normalized manganese-enhanced
MRI signal, representing manganese enhancement, compared to the control group. In conclusion, animals with
neuropathic pain in the left hind limb show increased manganese uptake in not only the injured sciatic nerve but
also in the contralateral uninjured sciatic nerve on manganese-enhanced MRI in vivo. Although poorly understood,
this finding corroborates ex vivo finding of bilateral nociceptive-related molecular changes in the nervous system of
unilateral pain models.

Keywords: Manganese-enhanced magnetic resonance imaging, chronic constrictive injury, sciatic nerve injury,
neuropathic pain, animal model

Introduction nese-dependent contrast MRI (DAIM MRI) [6,

7]. Using these techniques, investigators have

In the past several years, manganese-
enhanced magnetic resonance imaging
(MEMRI) has emerged as a powerful surrogate
marker for imaging calcium flux into tissues.
Manganese (Mn), a T1 shortening agent and a
surrogate magnetic resonance (MR) marker for
calcium, can be used as a MR contrast agent
as it enters active neuronal cells through volt-
age-gated calcium channels [1]. MEMRI can
accurately depict stimulus-induced regional
activation in certain tissues. Previous work by
others has shown that the rate of manganese
accumulation is higher in active neuronal popu-
lations compared to quiescent cells [2-5]. This
phenomenon has been referred to as either
activation-induced manganese-enhanced MRI
(AIM MRI) or dynamic activity-induced manga-

been able to localize manganese enhancement
of specific neuronal or cardiac structures that
have been purposefully stimulated [6].

Since actively firing pain-sensing neurons rely
upon calcium fluxes for propagation of the pain
signal, we hypothesize MEMRI has the potential
to image heightened nociceptive activity in the
central and peripheral nervous system. The
ability to functionally image such neuronal
behavior would be helpful in objectively and
functionally identifying neural structures asso-
ciated with pain generation.

Our objective was to validate MEMRI for detec-
tion of peripheral nerve nociceptive activity in a
rat model of neuropathic pain. A well estab-
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lished rat neuropathic pain model is one where
the sciatic nerve is injured by chronic compres-
sion using surgical sutures [8], known as the
Chronic Constrictive Injury (CCl) model. We
evaluated MEMRI signal intensity in the sciatic
nerves in the CCl model and compared it to that
in uninjured control subjects. While the results
of this study do not specifically identify the noci-
ceptive pathway responsible, the approach
used does localize the tracts involved and per-
haps objectively identifies the neuroanatomic
level of injury.

Material and methods
Neuropathic pain model

Animal experiments were approved by Stanford
IACUC. Experiments were carried out using
adult male Sprague-Dawley rats weighing 200-
250 g. There were two experimental groups: 1)
A CCI group, which consists of animals under-
going a left Chronic Constrictive Injury (CCI) of
the sciatic nerve procedure (n=5), 2) A control
group of asymptomatic non-operated animals
(n=3). We utilized the Chronic Constrictive Injury
(CCl) model, a well-characterized rat neuro-
pathic pain model described by Bennett and
Xie [8].

Briefly, animals were anesthetized with inhala-
tional 2-3% isoflurane and placed on a warming
bed. Hair was removed from the posterolateral
aspect of the left thigh. Following a longitudinal
skin incision at mid thigh level, the left sciatic
nerve was identified, exposed and four loose
ligatures were placed on it. This procedure pro-
vokes a chronic mechanical and thermal hyper-
sensitivity; symptoms usually persist from 1
week to 8 weeks after surgery, then reduce in
intensity over the next 4 weeks [8]. After sur-
gery, procedures and injections, all animals
were returned to their cages and allowed free
access to food and water. Animals were permit-
ted to heal for four weeks after the surgery in
isolation from other animals.

Manganese-enhanced MRI

MR images of all animals were obtained before
(baseline) and twenty-four hours after intraperi-
toneal (IP) injection of manganese chloride
(MnCl; 30 mM solution; 1 ml per 100 gm of
body weight). Manganese-enhanced MRI,
(MEMRI) was performed 24 hours after manga-

283

nese chloride injection to allow sufficient time
for absorption from intraperitoneal space. Also,
studies on brain MEMRI suggest a 24-hour
period is required for attaining equilibrium of
manganese distribution in the brain [1]. After
injection with MnCl,, animals were returned to
their cages and allowed free access to food and
water.

All MRI experiments were performed on a self-
shielded 30-cm-bore 7-T small animal MR imag-
ing unit (Varian) with a 9-cm-bore gradient
insert (Resonance Research Inc.) using
EXCITE2 electronics and the supporting LX11
platform (GE Healthcare). Animals were placed
in a rodent holder and then into a 7 cm bore
quadrature volume transmit/receive RF coil,
which was centered on the lumbosacral region.
The animals were anesthetized with humidified,
oxygen-enriched 2-3% isoflurane (inhalation
(IH)) administered via nose cone. Temperature
and respiration were carefully monitored during
imaging. The animals were kept warm during
the imaging procedure by maintaining the ambi-
ent air temperature within the scanner bore at
34°C. T1l-weighted fast spin echo images (TR/
TE 800/7.7 ms echo train length 8, 31.1 kHz
bandwidth, NEX 4, FOV 6 cm, 256x256 pixels,
in-plane resolution 234 um?2, slice thickness 1
mm) were obtained.

Regions of interest (ROIs) (RT_Image image
analysis software, version 0.6.1b, source:
Edward Graves, Department of Radiation
Oncology, Stanford University School of
Medicine) were placed on sciatic nerves bilater-
ally, just inferior to L6 vertebra, at the level of
sacral promontory to quantify the degree of
manganese enhancement, and were normal-
ized to background signal in the muscle (nor-
malized signal) (Figure 1). From the T1-weighted
spin echo images, 3D maximum intensity pro-
jections of the lumbar cord plexus were gener-
ated (Osirix image analysis software, version
3.7.1, source: http://www.osirix-viewer.com).

Pain behavior assessment

Development of allodynia in the CClI model was
evaluated during the third week after surgery
by assessing mechanical allodynia using
Semmes Weinstein von-Frey Hair filaments
(Stoelting Co., Wood Dale, IL, USA). Sensitivity
to mechanical stimulation was measured by
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Figure 1. Placement of ROIs around sciatic nerves. Axial T1 weighted MRI slice of the posterior rat pelvis (inset
image of entire transaxial slice shown in upper right corner) showing sacrum (multiple small arrows), right and left
sciatic nerves, representative regions-of-interest (ROI) around the left sciatic nerve and muscle. Inset shows the

entire slice from which the magnified slice was obtained.

recording the paw withdrawal response to seri-
ally increasing filament stiffness.

The animals were placed on a raised platform
with a mesh floor for the test. They were accli-
matized to the platform for two hours each for
four days prior to testing and an hour just before
testing. The filament was applied to the lateral
portion of plantar aspect of both hind paws
through the mesh floor until it bent and kept in
place for eight seconds. A positive response
was recorded if the animal withdrew the paw
briskly off the floor in response to the applica-
tion. An application with the same filament was
repeated at a minimum interval of 60 seconds
if it produced a positive response. Testing of
the paw was terminated if it showed 3 consecu-
tive positive responses for a single filament or if
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the filament lifted the paw off the floor, in which
case it was scored as 3 positive responses.

The data thus collected was analyzed using the
Psychofit program (source: http://psych.colora-
do.edu/~lharvey/html/software.html),  which
computes a maximume-likelihood fit of a sig-
moid psychometric function to empirical data
and calculates the withdrawal threshold in log
filament stiffness units. The threshold is
defined as the stimulus intensity at which the
withdrawal is detected 50% of the time [9-11].

Statistical analysis
Differences in paw-withdrawal thresholds

between left and right paws were tested sepa-
rately for CCl and control groups using two-
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Results
Confirmation of pain behavior

Clinical evidence of development
of allodynia in the CCI group was
demonstrated by lower paw with-
drawal thresholds, illustrated using
oCcCl the von-Frey Hair test. Behavioral
@ Control Measurements showed significant-
ly lower paw withdrawal thresholds
in the left hindpaws (4.48 + 0.26
log stiffness units) of the CCI group
compared to the right hindpaws
(5.46 £ 0.32) (p<0.002). Paw with-
drawal thresholds were not differ-
ent between both paws in control
animals (in log stiffness units - left

Figure 2. Measurements of allodynia. Von Frey's test shows increased hindpaws: 5.32 + 0.19; right hind-
sensitivity to mechanical stimulation in the operated paw (left) in the CCI paws: 5.31 + 0.1; p>0.9), but were
group as evidenced by a reduction in the paw withdrawal threshold com-  similar to those in uninjured right
pared to the non-operated paw (right) or either paws in the control group hindpaws in the CCI group (Figure

(***p<0.002).
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Sciatic nerves of the CCl animals
show increased MEMRI signal
intensity

MEMRI showed increased signal in
the distal spinal cord and periph-
eral nervous systems in animals
with CCIl. Table 1 shows means,
oCcCl standard deviations and sample
mControl  sizes of normalized peripheral (sci-
atic) nerve signal. Prior to manga-
nese administration, baseline MRI
showed similar normalized sciatic
nerve signals in the CCl and con-
trol groups (normalized signal - CCl:
left hindpaw 1.35 + 0.04, right
hindpaw 1.28 + 0.04; Control: left
hindpaw 1.31 + 0.09, right hind-

Figure 3. Normalized MEMRI signal in sciatic nerves. Average normalized paw 1.32 + 0.13). Following man-
MEMRI signal (+ s.e.m) in peripheral nerves is increased in response to ganese administration, MEMRI

Chronic Constrictive Injury (CCl) (***p<0.01).

tailed paired t-tests. Differences in normalized
MRI signal between CCI and control groups
were tested separately for each side with a
one-sided Mann-Whitney U test. The level of
statistical significance was set at p<0.05.
Statistical analyses were done using online sta-
tistical tools (http://faculty.vassar.edu/lowry/
VassarStats.html) and excel spreadsheets.
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showed significant  difference

between the normalized nerve sig-

nals in the CCl and control groups.
The CCI group showed a higher signal than the
control group in the sciatic nerves on the oper-
ated left side (CCl: 1.83 £ 0.09, Control: 1.55 +
0.27; p<0.01) as well as the unoperated right
side (CCIl: 1.78 + 0.09, Control: 1.58 + 0.24;
p<0.03) (Figure 3). Representative axial imag-
es through the posterior pelvis are shown in
Figure 4.

Am J Nucl Med Mol Imaging 2013;3(3):282-290
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Table 1. Means, Standard Deviations and Sample Sizes of normalized peripheral nerve MEMRI Signal
on each side

Group Statistic Operated/Left Nerve Unoperated/Right Nerve Combined
Baseline CCl Mean 1.35 1.28 1.31
SD 0.04 0.04 0.05
N 5 5 10
Control Mean 1.31 1.32 1.32
SD 0.09 0.13 0.10
N 3 3 6
Combined Mean 1.33 1.30 1.31
SD 0.06 0.08 0.07
N 8 8 16
MEMRI CCl Mean 1.83 1.78 1.80
SD 0.09 0.09 0.09
N 5 5 10
Control Mean 1.55 1.58 1.56
SD 0.27 0.24 0.23
N 3 3 6
Combined Mean 1.72 1.70 1.71
SD 0.22 0.18 0.19
N 8 8 16

MEMRI=Manganese Enhance MRI. CCI=Chronic Constrictive Injury.

Right Sciaties “Left Sciatic

o

Baseline CCIMEMRI Control MEMRI

Figure 4. Transaxial images of a representative baseline scan, and representative MEMRI scans from each group
showing the sciatic nerves in the pelvis anterior to the sacrum. The top row shows the entire slice while the bottom
row zooms into the relevant part as marked by boxes in the top row. All images are similarly windowed. MEMRI im-
proves the signal in both groups over baseline. In MEMRI, the CCl animal shows higher signal intensity in the sciatic
nerve than the control animal. The higher signal relative to the surrounding muscle makes the nerves more visible
in the CCl MEMRI.
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Figure 5. Reconstructed MEMRI views of the lumbar plexus. Normalized 3D maximum intensity projection (MIP)
images (posterior projection) of a representative baseline scan, and representative MEMRI scans from each group
showing the lumbar spinal cord, cauda equina and lumbar plexus. MEMRI improves the signal in both groups over
baseline. In MEMRI, the CCl animal shows higher signal intensity in the peripheral nerves of the lumbar plexus than

the control animal.

3D maximum intensity projections of the lum-
bar cord plexus were produced from the fast
spin echo images and show increased enhance-
ment of the lumbar cord and plexus in the ani-
mals following manganese administration,
when compared to baseline. Further, greater
manganese enhancement of the lumbar cord
and plexus is seen in the CCI group compared
to the control group (Figure 5).

Increased MEMRI signal in the sciatic nerve of
CClanimals has good correlation with increased
allodynia. The 50% paw withdrawal threshold
has a moderately good negative linear correla-
tion with normalized MEMRI signal in the sciatic
nerve (r>=0.659).

Discussion

Chronic pain states result in activation and/or
elevation in the number of certain calcium
channels in nociceptive neurons [12], for
instance, the high-voltage gated N-channel [13,
14], the low-voltage gated T-channel [15, 16],
the non-selective cation channel transient
receptor potential cation channel subfamily V
member 1 (TRPV1) [17, 18], etc. Although not
specific to any one type of calcium channel,
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results from our study indicate that MEMRI can
be used to functionally highlight and objectively
identify active peripheral neuronal pathways in
a rat model of neuropathic pain. MEMRI utilizes
physiological changes, specifically ‘sensitiza-
tion” occurring in chronic pain to functionally
highlight both the pain-sensing neurons and its
contralateral non-injured neural counterpart.

We are able to demonstrate higher MEMRI sig-
nal in peripheral nerves in animals experienc-
ing pain. However, we also observed anincrease
in T1-weighted signal enhancement on the non-
injured side, contralateral to the nerve injury in
the CCI group. Events that effect nonlesioned
structures contralateral to a peripheral nerve
lesion is a well documented phenomenon
described in rats [19]. Although the exact
mechanism is not yet known, it has been shown
that unilateral axotomy results in bilateral
changes in levels of mMRNA for cholecystokinin
[20], and bilateral changes in the neuropep-
tides galanin, neuropeptide Y and vasoactive
intestinal polypeptide [21]. These changes
might be related to bilateral increases in tro-
phic factors like nerve growth factor (NGF) that
have been measured following unilateral axoto-
my [22]. There are numerous studies that have

Am J Nucl Med Mol Imaging 2013;3(3):282-290
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found similar bilateral neuroinflammatory reac-
tion in response to unilateral nerve injury while
showing only ipsilateral mechanical allodynia
[23-25]. Further, studies indicate that after
nerve injury, contralateral allodynia increases
in a time-dependent manner, with a delayed
onset, in the un-injured side [26, 27]. These
studies suggest that behavioral manifestation
of pain on the side contralateral to the nerve
injury may follow more basic neuroinflammato-
ry changes at the molecular and receptor level.
Regardless of the exact mechanism, the
increase in enhancement seen contralaterally
to the source of pain in the CCI group on the 3D
maximal intensity projections in our study is
likely partly attributable to this phenomenon.

Additionally, the observation of enhancement
contralateral to the site of injury might be con-
sidered a limitation of this method, but the fact
that the image was obtained 24 hours after
MnCl, administration may indeed reflect man-
ganese equilibrium attained in both the injured
and contralateral nerves. If we were to obtain
images relatively sooner (<24 hours), it may be
possible to see preferential manganese accu-
mulation in the ipsilateral injured nerve when
compared to the contralateral nerve due to dif-
ferential rates of manganese uptake. Ongoing
experiments are currently addressing these
issues and studying neural activity in both
intact and injured peripheral nerves. We are
also studying the effect of analgesic treatments
on MEMRI signal.

Recognizing active nociceptive peripheral
nerves using MEMRI may help inform diagnos-
tic and therapeutic decisions. The diagnosis of
peripheral nerve entrapment syndromes, such
as carpal tunnel syndrome and piriformis syn-
drome, can potentially be aided by MEMRI
when diagnosis can be challenging in early
stages of the disease. Additionally, MEMRI may
provide more objective decision support for
fluoroscopy, computed tomography, or ultra-
sound-guided local anesthetic and steroid
injections that are currently used to empirically
treat a large variety of clinical pain disorders
including low back pain, sciatica, post-surgical
pain, post-traumatic neuralgia, etc.

In addition to helping guide therapeutic deci-
sions, MEMRI can also be used to screen drug
candidates for analgesia. Novel therapeutic
strategies targeted on the peripheral mecha-
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nisms of neuropathic pain (for example, block-
ing ion channels in peripheral neurons, modula-
tion of peripheral excitability via cannabinoid
receptors, blocking glutamate receptors in spi-
nal cord, blocking activated spinal neuroglia,
etc) [28] may find MEMRI to be a useful tool for
evaluation of efficacy and local targeting.

Of note, manganese, which is essential for cell
viability at normal levels, is toxic in humans at
high concentrations [29-33]. Chronic manga-
nese exposure causes ‘manganism’ [34], a
movement disorder similar to Parkinson’s dis-
ease, which has limited its translation into the
clinic. However, recent developments look
promising for use in patients. For example,
mangafodipir trisodium (MnDPDP; Teslascan)
is an FDA-approved MRI contrast agent consist-
ing of chelated manganese for MRI evaluation
of the liver, which showed no significant adverse
effects in its clinical trials [35].

As technology advances and newer develop-
ments allow for manganese to provide contrast
at lower concentrations, manganese-based
imaging may emerge as the means of diagnos-
ing and assessing the severity of neuropathic
and other forms of chronic pain in human sub-
jects in the future. MEMRI could potentially
benefit living subjects with neuropathic and,
perhaps, other chronic pain syndromes by
offering scientists and health care providers a
noninvasive tool to study pre-clinical and clini-
cal pain syndromes, determine the effective-
ness of systemic analgesics, and provide vital
information useful in treating pain with image-
guided regional nerve blockade or other novel
minimally invasive approaches.

Conclusions

Animals with neuropathic pain in the left hind
limb show increased manganese uptake in the
lumbar plexus on MEMRI in vivo, which corre-
lates with the development of allodynia. This
approach can be used as a tool to study noci-
ceptive activity and related physiological
changes in neuropathic pain models.

Abbreviations

CCl, Chronic Constrictive Injury; IH, inhalation;
IP, intraperitoneal; MEMRI, manganese-
enhanced MRI; MIP, maximum intensity projec-
tion; MRI, magnetic resonance imaging; ROI,
region of interest.
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