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Peripheral neuropathy oftenmanifests clinically with symptoms of mechanical and cold allodynia. However, the
neuroplastic changes associated with peripheral neuropathic pain and the onset and progression of allodynic
symptoms remain unclear. Here, we used a chronic neuropathic painmodel (spared nerve injury; SNI) to exam-
ine functional andmetabolic brain changes associatedwith the development andmaintenance ofmechanical and
cold hypersensitivity, the latterwhichwe assessed both behaviorally and during a novel acetone application par-
adigm using functional MRI (fMRI). Female Sprague–Dawley rats underwent SNI (n = 7) or sham (n = 5) sur-
gery to the left hindpaw. Rats were anesthetized and scanned using a 7 T MRI scanner 1 week prior to (pre-
injury) and 4 (early/subchronic) and 20weeks (late/chronic) post-injury. Functional scanswere acquired during
acetone application to the left hindpaw. 1H magnetic resonance spectroscopy was also performed to assess SNI-
induced metabolic changes in the anterior cingulate cortex (ACC) pre- and 4 weeks post-injury. Mechanical and
cold sensitivity, aswell as anxiety-like behaviors, were assessed 2weeks pre-injury, and 2, 5, 9, 14, and 19weeks
post-injury. Stimulus-evoked brain responses (acetone application to the left hindpaw)were analyzed across the
pre- and post-injury time points. In response to acetone application during fMRI, SNI rats showed widespread
and functionally diverse changes within pain-related brain regions including somatosensory and cingulate corti-
ces and subcorticallywithin the thalamus and the periaqueductal gray. These functional brain changes temporal-
ly coincided with early and sustained increases in both mechanical and cold sensitivity. SNI rats also showed
increased glutamate within the ACC that correlatedwith behavioral measures of cold hypersensitivity. Together,
our findings suggest that extensive functional reorganization within pain-related brain regionsmay underlie the
development and chronification of allodynic-like behaviors.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Peripheral neuropathic pain is a chronic, debilitating condition
resulting from disease or direct nerve injury. Clinical features include
pain evoked by low threshold tactile and cool temperature stimuli
that normally do not elicit pain, termed mechanical and cold allodynia,
respectively (Sandkuhler, 2009). A partial denervation rodent model
known as spared nerve injury (SNI) leads to early and sustained
mechanical and cold hypersensitivity, which closely resemble the clini-
cal features ofmechanical and cold allodynia in patients with peripheral
neuropathies (Decosterd and Woolf, 2000). Thus, SNI represents a
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tractable animal model for investigating the underlying brain mecha-
nisms associated with the development and maintenance of chronic
neuropathic pain and allodynic-like behaviors, and is particularly well-
suited for longitudinal investigations employing structural and
functional MRI (fMRI).

Typically, studies investigating brain changes associatedwith neuro-
pathic pain models in rodents have examined early time points, within
days to less than a month following injury (Chang et al., 2014; Mutso
et al., 2012). However, volumetric reductions in the rat prefrontal cortex
(PFC) manifest as late as four months following SNI, and coincide with
the appearance of anxiety-like behaviors (Seminowicz et al., 2009).
Furthermore, volumetric reductions in other cortical regions, including
the anterior cingulate cortex (ACC), primary somatosensory cortex
(S1), and insula were correlated with mechanical hypersensitivity in
SNI rats, indicating that peripheral nerve injury induced long-term
structural changes in pain-related brain regions that were accompanied
unctional brain changes in a rat model of chronic neuropathic pain: A
euroimage.2014.12.024

http://dx.doi.org/10.1016/j.neuroimage.2014.12.024
mailto:dseminowicz@umaryland.edu
http://dx.doi.org/10.1016/j.neuroimage.2014.12.024
http://www.sciencedirect.com/science/journal/10538119
www.elsevier.com/locate/ynimg
http://dx.doi.org/10.1016/j.neuroimage.2014.12.024


2 C.S. Hubbard et al. / NeuroImage xxx (2014) xxx–xxx
by behavioral signs of mechanical allodynia. Neuroimaging studies
using experimentalmodels of mechanical and cold allodynia in patients
with various chronic neuropathic pain conditions have shown function-
al reorganization in similar brain areas including the ACC, somatosenso-
ry cortices, thalamus, and insula (Becerra et al., 2006; Maihofner et al.,
2006; Peyron et al., 2004; Witting et al., 2006). Together, these findings
suggest that the brain undergoes widespread structural and functional
changes following peripheral nerve damage which, over extended pe-
riods of time, may lead to the transition of pain from an acute and adap-
tive state to a chronic, maladaptive disease state. The mechanisms and
time course of these events, and extent of the cortical and subcortical
areas involved in this transition are not well-understood.

The primary aim of the current study was to identify early (sub-
chronic) and late (chronic) functional brain changes associated with
the development andmaintenance of cold hypersensitivity using a neu-
ropathic pain model of cold allodynia in SNI rats during a novel
stimulus-evoked paradigm wherein acetone was applied to the left
hindpaw during fMRI acquisition. In addition, we examined the time
course of injury induced cold and mechanical hypersensitivity, as well
as, anxiety-like behaviors, that coincided with early and late functional
brain changes. Lastly, given recent evidence demonstrating SNI-
induced morphometric changes in the ACC (Seminowicz et al., 2009)
combined with evidence of altered glutamate and GABA signaling fol-
lowing induction of a neuropathic pain model (Bie et al., 2011; Gong
et al., 2010; Li et al., 2014; Xu et al., 2008), we sought to assess whether
early functional brain and behavioral changes associated with SNI and
the development of cold hypersensitivity were related to local concen-
trations of glutamate (Glu) and/or GABA, or precursor molecules such
as glutamine (Gln) and the glutamate/glutamine complex (Glx), in the
ACC using in vivo 1H magnetic resonance spectroscopy (MRS).

Materials & methods

Animals

12 adult female Sprague–Dawley rats (200–250 g, Charles River, CD;
6 weeks of age) were housed in ventilated plastic cages with soft bed-
ding, and maintained on a 12/12 h light/dark cycle (lights on at
07:00), at constant temperature (22 ± 2 °C) and humidity (50 ±
10%). Rats were fed standard rat chow and had access to tap water ad
libitum. All procedures were approved by the Institutional Animal
Care and Use Committee at the University of Maryland and performed
in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

Our rationale for choosing female rats was threefold: 1) in humans,
females show a higher prevalence of chronic pain disorders (Craft
et al., 2004; Fillingim and Ness, 2000), thus females seem to be more
susceptible to developing chronic pain conditions than males, suggest-
ing that hormonal influences may play an important role in the patho-
genesis of chronic pain, 2) despite the higher prevalence of chronic
pain disorders in females and numerous reports of sex differences in
the neurobiology underlying nociceptive signaling and the subsequent
experience of pain (Mogil, 2012; Paller et al., 2009), themajority of pre-
clinical research has focused on elucidating pain circuitry in male ro-
dents, therefore, more female rodent studies are needed to address
this imbalance in the pain literature (Mogil and Chanda, 2005), and
3) conducting longitudinal neuroimaging studies in male rats becomes
a technical constraint, since male rats undergo rapid growth spurts
compared to females, and in some cases, the cranium exceeds the size
of the head coil in older male rats.

Surgical procedures

Rats were randomly assigned to undergo SNI (n= 7) or sham (n=
5) surgery. Prior to surgery, each animal was anesthetized with a
mixture of ketamine/xylazine (80/10 mg/kg, i.p. respectively). Once
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the animal was unresponsive to tail pinch, skin incision and blunt dis-
section through the left biceps femoris muscle was performed and a
segment of the sciatic nerve was exposed between the mid-thigh and
the popliteal fossa. For the SNI animals, the three major divisions of
the sciatic nerve (common peroneal, tibial, and sural nerve) were sepa-
rated based on individual perineuria. The common peroneal and tibial
nerves were tightly ligated with a 6.0 silk suture and sectioned distal
to the ligation, removing 1–2 mm of distal nerve stump, and leaving
the sural nerve intact. Care was taken to avoid touching or stretching
the intact sural nerve. For both SNI and sham rats, complete hemostasis
was confirmed and topical lidocaine (Sparhawk Laboratories, Inc.) was
applied to the skin and muscle around the wound prior to closure of
incisions with the muscle (resorbable 4-0 sutures) and skin (4-0 silk)
sutures. Rats were then placed on thermo-regulated heat pads and
monitored until full recovery from anesthetic was achieved. Rats were
returned to their home cages and monitored on a daily basis until
wounds were completely healed.
Behavioral testing

All behavioral testingwas conducted in a lit roombetween the hours
of 08:30 and 14:00, 2 weeks prior to surgery (pre-injury) and 2, 5, 9, 14
and 19weeks post-injury (Fig. 1). On each testing day, animals were ac-
climated to the testing environment for 30min prior to commencement
of behavioral experiments. Mechanical and cold sensitivity were
assessed using the von Frey and acetone cold sensitivity test (CST). In
addition, anxiety-like and exploratory behaviors were measured using
the open field (OF) arena and elevated-plusmaze (EPM) paradigms. Be-
havioral testing equipment was cleaned with 70% ethanol between an-
imals. All rodent handling during behavioral experiments was
conducted by a female researcher (C.S.H.) (Sorge et al., 2014).

Mechanical hypersensitivity was measured using the von Frey
method adapted from Chaplan et al. (1994). Briefly, animals were first
habituated to a 24.13 × 13.97 × 24.13 cm Plexiglas test chamber placed
on top of a metal mesh screen for 10 min. Each animal was then tested
to determine the 50% mechanical withdrawal thresholds for the left
(ipsilateral to surgery) and right (contralateral to surgery) hindpaws
using a modified up and down method (Chaplan et al., 1994). Eight
calibrated von Frey monofilaments with ascending forces, ranging
from 1 to 15 g (1, 1.4, 2, 4, 6, 8, 10, and 15) were used. Each trial
began with a von Frey force of 1 g delivered in a perpendicular fashion
to the lateral plantar surface of the left or right hindpaw for approxi-
mately 1–2 s. A positive response was operationally defined as a rapid
withdrawal of the hindpaw, whereas a negative response was defined
by the absence of a hindpaw flexion withdrawal reflex or ambulation.
Two positive responses to the same mechanical probe were required
to start the series. The 50% withdrawal thresholds for the ipsilateral
and contralateral hindpaws were averaged separately across the six tri-
als for each animal at each time point and then log transformed.

The acetone CST (Choi et al., 1994) was used to quantify differences
in the development and maintenance of cold hypersensitivity in SNI
compared to sham animals across the pre- and post-injury time points.
Prior to the start of the experiment, each rat was placed in a Plexiglas
test chamber on top of a metal mesh grid and allowed to acclimate for
10 min. Acetone delivery to the hindpawwas accomplished by forming
an acetone bubble at the end of a piece of polyethylene (PE; inner
diameter= 1.57mm, Intramedic PE205, Becton Dickinson) tubing con-
nected to a 1mlmale luer-tipped syringe. The acetone bubble was then
gently applied to the plantar surface of the left or right hindpaw.
Duration (s) of time spent lifting, shaking, or licking the left or right
hindpaws were measured following each application. For each rat,
there were a total of 6 trials in which acetone was applied to either
the left or right hindpaw, with twomin interstimulus intervals (ISI) be-
tween acetone applications. The stimulus parameters (i.e., number of
trials, ISI) for the acetone CST during fMRI were identical to those in
unctional brain changes in a rat model of chronic neuropathic pain: A
euroimage.2014.12.024

http://dx.doi.org/10.1016/j.neuroimage.2014.12.024


Fig. 1. Schematic illustrating the experimental design. All rats underwent behavioral testing (gray boxes) at six different time points, 2weeks prior to SNI or sham surgery (pre-injury) and
2, 5, 9, 14, and 19 weeks following surgery (post-injury). On each behavioral testing day, mechanical and cold sensitivity were assessed using the von Frey and the acetone CST, respec-
tively. Anxiety-like and exploratory type behaviors were also measured using the OF and EPM. fMRI scanning (blue boxes) during acetone application to the left hindpawwas conducted
1 week prior to surgery (pre-injury) and at 4 (early/subchronic) and 20weeks (late/chronic) post-injury in order to examine the time course of functional brain changes associated with
the development and maintenance of cold hypersensitivity following peripheral nerve damage. In addition, magnetic resonance spectroscopy (MRS) was performed following the fMRI
scans at the pre-injury and 4 weeks post-injury scan time points to assess the relative concentrations of Glu, GABA, Gln, and Glx in the ACC in SNI rats compared to shams.
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the behavioral sessions, with the exception that acetone was only
applied to the left hindpaw in the fMRI experiments.

Anxiety-like behaviors were measured using OF and EPM para-
digms. Behaviors were video recorded with a digital camera
mounted above each apparatus and automatically coded using
ANY-maze (version 4.96; Stoelting Co., IL) video tracking software.
The OF arena consisted of a 44.45 × 44.45 × 30.48 cm Plexiglas enclo-
sure with a black metal bottom and opaque sides. The arena was di-
vided into a 5 × 5 grid of equally sized virtual squares (virtual
square = 8.9 cm × 8.9 cm) superimposed onto video recordings
with ANY-maze. The outer section of the arena was defined as the
sum of all squares adjacent to a wall (i.e., 20 squares), whereas the
central region consisted of a large center with 9 virtual squares.
The experiment began with placement of a rat in the middle square
of the large center. ANY-maze software automatically tracked and
coded the number of line crossings and entries into the large center
of the OF across a 5 min period. The criterion for entry into either
the outer section or large center region was set to 80% of the animal's
body in reference to its center point. The EPM was a cross-shaped
platform consisting of 4 equally-sized arms (50.2 cm × 8.9 cm) ele-
vated 70 cm above ground, with two arms flanked by 50.8 cm high
opaque walls (closed arms) and two exposed arms with no walls
(open arms), connected via a middle platform (8.9 cm × 8.9 cm). Vir-
tual zones for the open and closed arms were created and
superimposed onto video recordings using ANY-maze. At the start
of the experiment a rat was placed in the middle platform, facing
an open arm, and the number of total closed arm exits was recorded
and automatically coded across a 5 min period. Exit from a closed
arm required that 80% of the animal's body, in reference to its center
point, was located outside the zone of interest (i.e., closed arm).
Other indices of anxiety-like and avoidance/exploratory type behav-
iors, including the number of grooming bouts, corner-facing events,
stretch-attend postures, and rearings, were coded blindly by an in-
dependent rater from video recordings for each OF and EPM experi-
ment. The number of fecal pellets was also counted at the end of each
OF and EPM experiment.

MRI and MRS data acquisition

Rats were scanned using a Bruker BioSpec 70/30 USR Avance III 7 T
MRI scanner (Bruker Biospin MRI GmbH, Germany). The system was
equipped with a BGA12S gradient system and interfaced to a Bruker
Paravision 5.1 console. A Bruker 40 mm circular polarized volume coil
was used for acquisition. In vivo MRI experiments were performed
1 week prior to (pre-injury scan) and 4 (early/subacute) and 20 weeks
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(late/chronic) following surgery (post-injury scans; Fig. 1). Just before
scanning, each rat was anesthetized with ≤1.5% isoflurane. Isoflurane
levels were maintained at the same concentrations throughout the scan
session and respiration and heart rates were continuously monitored
using a small animal monitoring and gating system with corresponding
software (SA Instruments, Inc., Stony Brook, NY, USA). The body temper-
aturewasmaintained at 36–37 °C, using a circulatingwarmwater heater.
A high resolution T1-weighted imagewas obtained (RARE, TR=2000ms,
TE = 14 ms, 256 × 256, in plane resolution = 100 μm, 24 axial slices,
1mm slice thickness) for anatomical reference. Functional scanswere ac-
quired using a spin-echo echo-planar imaging (EPI) sequence (TR =
1500 ms, TE = 35.096 ms, 75 × 75, in plane resolution = 400 μm, 24
axial slices) during resting state (550 volumes; data to be published in a
separate report) and the acetone application paradigm (520 volumes).
The acetone application paradigm began with a 30 s rest period
(i.e., baseline) followed by 6 trials wherein application of 50 μl of acetone
was delivered per trial, via a 20 ft length of PE tubing (inner diameter =
1.57 mm, Intramedic PE205, Becton Dickinson) connected to a 500 μl
microsyringe (81201, Hamilton syringe fitted with a 16 gauge male luer
tip) housed inside the scanner console room, with the end of the tubing
positioned just proximal to the left hindpaw of the rat. Prior to the start
of the experiment, the PE tubingwasfilledwith deionizedwater followed
by 300 μl of acetone (179124, Sigma-Aldrich) which was bracketed be-
tween two air bubbles (30 μl of air per bubble). Following the onset of ac-
etone application to the left hindpaw, a 2min ISI period ensued. A second
30 s rest period was recorded just prior to the end of the scan session.

After the acetone application paradigm, in vivo high resolution 1H
MRS experiments were performed at the pre-injury and the 4 weeks
post-injury scan time points (Fig. 1). The adjustments of all first- and
second-order shims over the voxel of interest were accomplished
with the FASTMAP procedure. A customized short-TE PRESS pulse
sequence (TR/TE = 2500/10 ms, na = 356) (Xu et al., 2013) was
used for MRS data acquisition with voxel centered on the ACC (3
× 3 × 3 mm). MRS quantification of metabolites of interest was
based on frequency domain analysis using a “Linear Combination of
Model spectra” (LCModel) (Provencher, 2001). Cramer–Rao lower
bounds (CRLBs), as reported from the LCModel analysis, were used
to assess the reliability of the major metabolites (Bolliger et al.,
2013). Metabolites having CRLBs values less than 20% were further
analyzed. The reference for determining metabolite concentration
was the water signal, which was acquired from the same voxel. The
metabolic profile was measured with the same parameters except
the number of averages was set at 8. The results were normalized
by the LCModel to the metabolite concentrations and expressed as
micromoles per gram wet weight (μmol/g).
unctional brain changes in a rat model of chronic neuropathic pain: A
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Behavioral analysis

All statistical behavioral analyses were conducted using SPSS (ver-
sion 22). Analyses for log-transformed 50% mechanical withdrawal
thresholds (g) and acetone CST response durations (s) were performed
separately using a 2 Group (SNI, sham)× 2 Side (ipsilateral, contralater-
al) × 6 Time (2 weeks pre-injury, and 2, 5, 9, 14 and 19 weeks post-
injury) repeated measures ANOVA. For the OF paradigm, separate
two-way repeated measures ANOVAs (Group × Time) were performed
on the number of line crossings and number of entries into the large
center of the arena. A two-way (Group × Time) repeated measures
ANOVA analysis was also performed on the number of closed arm
exits obtained during the EPM paradigm. For both paradigms, other
indices of anxiety-like (number of defecations, grooming bouts) and
avoidance/exploratory type behaviors (number of corner-facing events,
stretch-attend postures, rearings) were also analyzed using two-way
(Group × Time) repeated measures ANOVAs. For all behavioral analy-
ses, post-hoc comparisons were performed using 2-tailed t-tests.

fMRI preprocessing and statistical analyses

All image preprocessing and statistical analyses were conducted
using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). The preprocessing
pipeline included slice timing correction, realignment, normalization,
and smoothing with a 1 mm FWHM Gaussian kernel. A study-specific
template was created by coregistering and averaging high-resolution
T1-weighted images across all animals at a single time point (4 weeks
post-injury) and interpolating to voxel sizes of 0.5 × 0.5 × 0.5 mm. All
scans at each time point for each rat were coregistered and normalized
to this template as described in a previous report (Seminowicz et al.,
2012).

All fMRI scans during the acetone application paradigm were
approximately 13 min in duration and included a 30 s rest period, six
2 min blocks consisting of a stimulus application (~4 s), stimulus re-
sponse (12 s), and a post-stimulus response period (~65 s). The scan
ended with an additional 30 s of rest. For the first-level analysis, the
BOLD signal during the stimulus application period was modeled
using the onsets and durations of acetone application to the left
hindpaw. To detect signal changes in the BOLD activity in response to
acetone application to the left hindpaw, the stimulus response period
was also modeled using the average acetone response duration obtain-
ed from the behavioral CST experiments for the SNI group across the 5
post-injury time points (i.e., 11.23 s), rounded up to the next integer
(i.e., 12 s). The time between the offset of the stimulus response period
and the onset of the second 30 s rest period was modeled as the post-
stimulus response period. Rest periods were not included in the
model (implicit baseline). In addition, motion parameters were entered
into the model as nuisance variables and time and dispersion deriva-
tives were added as regressors. To quantify brain response to acetone
application,β-contrast imageswere created for voxels whose activation
increased or decreased in response to acetone application.

To assess longitudinal effects, the first-level β-contrast images
representing stimulus-evoked brain responses for each of the three
scan time points (pre-injury and 4 weeks and 20 weeks post-injury)
were entered as dependent variables in the general linear model for
each rat within each group. Second level analysis was conducted using
a 2 Group (Sham, SNI) × 3 Time (pre-injury and 4 and 20 weeks post-
injury) flexible factorial design with Group and Time specified as fixed
factors. We examined the Group × Time interactions between BOLD
responses at the early (4 weeks post-injury) and late (20 weeks post-
injury) scan time points relative to the pre-injury scans in order to
determine the temporal changes in brain function resulting from pe-
ripheral nerve injury and associated with the development (early) and
chronification (late) of allodynic-like behaviors. A series of restricted
region of interest (ROI) small volume analyses was performed in
SPM8 with hand drawn ROIs created using Analysis of Functional
Please cite this article as: Hubbard, C.S., et al., Behavioral, metabolic and f
longitudinal MRI study, NeuroImage (2014), http://dx.doi.org/10.1016/j.n
NeuroImages software (AFNI; version 2; http://afni.nimh.nih.gov/afni/)
and based on the Paxinos and Watson rat brain atlas (Paxinos and
Watson, 2005). The ROIs consisted of pain-related brain areas, including
the periaqueductal gray (PAG), the left and right thalamus, hippocampus
(Hc), insula, prefrontal cortical regions including the cingulate and
prelimbic (PrL) cortices, and primary (S1) and secondary (S2) somato-
sensory cortices (Fig. 2). The cingulate cortex was further subdivided
into the anterior cingulate cortex (ACC) rostrally and the midcingulate
cortex (MCC) caudally based on the cytoarchitectural designations
used by Vogt and Paxinos in rats and mice (Vogt and Paxinos, 2014).
Small volume corrections using random field theory were used for the
voxel-wise ROI restricted analysis, with thresholds set to p = 0.05. To
correct for multiple comparisons, we used AFNI's 3dClustSim which de-
termined theminimum cluster size of contiguous voxelswithin each ROI
required to reach significance at an alpha level of p = 0.05.

In addition, we extracted the parameter estimates for each signifi-
cant cluster obtained from our ROI analyses across the three imaging
timepoints (1week pre-injury and 4 and 20weekspost-injury) and cal-
culated difference scores for each animal by subtracting the pre-injury
scan time point from each of the post-injury time points. Difference
scores for each animal were calculated in a similar manner for the ace-
tone CST behavioral measure (left hindpaw response durations) using
the 2weeks pre-injury and 5 and 19weeks post-injury time points. Dif-
ference scores for the parameter estimates and behavioral CST response
durations at the early (~1 month) or late (~5 months) post-injury time
points were then correlated using Pearson's R bivariate correlational
analyses (2-tailed) in SPSS.

MRS analyses

To assess the relative concentrations of Glu, GABA, Gln and Glx,
within the ACC in SNI rats compared to shams across the pre-injury
and 4 weeks (early) post-injury scan time points, we conducted
separate two-way repeated measures ANOVAs (Group × Time) on
each metabolite using SPSS. In addition, we conducted exploratory
analyses using two-way (Group × Time) repeated measures ANOVAs
on other metabolites within the ACC, for which we had no a priori
hypotheses, but which showed CRLBs values less than 20% according
to the results from the LCModel analysis. These metabolites included
N-acetylaspartate (NAA), total creatine (tCr), total choline (tCho),
myo-inositol (MI), N-acetylaspartylglutamate (NAAG), glutathione
(GSH) and taurine (Tau). Lastly, to assess if concentrations of Glu,
GABA, Gln, or Glx, in the ACCwere related to peripheral nerve injury in-
duced changes in cold sensitivity, we performed Pearson's R bivariate
correlational analyses on difference scores calculated from the acetone
CST behavioral measure (left hindpaw response durations) and metab-
olite concentrations (in μmol/g wet weight) obtained at the pre- and
post-injury time points for each group of rats separately. The difference
scores for the acetone CST were calculated by subtracting the response
durations (s) for the 2 weeks pre-injury time point from the 5 weeks
post-injury time point, and correlating these with the difference scores
calculated by subtracting the 1 week pre-injury MRS metabolite
concentrations (i.e., Glu, GABA, Gln, and Glx) from the 4 weeks post-
injury MRS metabolite concentrations.

Results

SNI-induced early and long-term mechanical and cold hypersensitivity

Results for the allodynia-like behavioral measures assessed during
the von Frey and acetone CST tests are displayed in Fig. 3. For the von
Frey test, analysis yielded a significant Group × Side (F = 20.49, p =
0.001) interaction, with SNI rats showing a significant decrease in with-
drawal thresholds for the ipsilateral hindpaw compared to shams. In
addition, a significant Group × Side × Time interaction (F = 5.71, p =
0.028) and a main effect of Side (F = 19.88, p = 0.001) were found.
unctional brain changes in a rat model of chronic neuropathic pain: A
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Fig. 2. Regions of interest (ROIs) used for the fMRI analysis. (A) ROIs were hand-drawnmasks overlaid onto T1-weighted averaged rat brain template images (1mm slice thickness). ROIs
were defined based on the closest approximation to the corresponding anatomical sections taken from the Paxinos and Watson stereotaxic rat brain atlas (Paxinos and Watson, 2005).
ROIs are color-coded for display purposes and include the following left (L) or right (R) hemispheric structures: ACC, prelimbic cortex (PrL), insula (Ins), primary (S1) and secondary
(S2) somatosensory cortices, thalamus (TH), hippocampus (Hc), and periaqueductal gray (PAG). Primary and secondary motor areas (M1/M2) are shown for anatomical reference, but
were not included in the analysis. (B) Anatomical overlays taken from the Paxinos and Watson rat brain atlas depicting the corresponding anatomical sections for the ROI restricted
fMRI analyses during topical application of acetone to the injured hindpaw (Paxinos and Watson, 2005).

5C.S. Hubbard et al. / NeuroImage xxx (2014) xxx–xxx
Post-hoc tests (2-tailed t-tests) revealed that at the pre-injury
time point, groups did not differ in their withdrawal response
thresholds for the ipsilateral hindpaw (p = 0.60; Fig. 3A). However, at
5, 9, 14 and 19 weeks post-injury relative to the pre-injury time point,
SNI rats showed significantly lower withdrawal thresholds for the
ipsilateral hindpaw (p's ≤ 0.001; Fig. 3A). No significant group differ-
ences were observed across the pre- and post-injury time points for
the contralateral hindpaw (p's ≥ 0.22; Fig. 3B). For the acetone CST,
analysis revealed significant Group × Side (F = 42.388, p b 0.001) and
Group × Side × Time (F = 24.76, p = 0.001) interactions, as well as
main effects of Time (F = 15.20, p = 0.002) and Side (F = 30.41, p b

0.001). Post-hoc tests (2-tailed t-tests) showed no significant group
difference in acetone response durations at the pre-injury time point
(p = 0.42) for the ipsilateral hindpaw (Fig. 3C). However, at 2, 5, 9, 14
and 19weekspost-injury SNI rats showed significantly greater response
durations (s) following acetone application to the ipsilateral (p's ≤
0.017; Fig. 3C), but not the contralateral hindpaw compared to shams
(p's≥ 0.056; Fig. 3D). In addition,within-subjects comparisons revealed
a significant decrease in CST response duration for the left hindpaw in
SNI rats at 19 compared to 14 weeks post-surgery (p = 0.024). No
other significant differences between post-surgery time points were
found in SNI rats nor in the sham control group. Results from the von
Frey and acetone CST revealed significant early and sustained increases
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inmechanical and cold sensitivity in SNI rats compared to shams, a find-
ing which is consistent with results from previous studies (Choi et al.,
1994; Low et al., 2012; Seminowicz et al., 2009).

SNI had no effect on anxiety-like or exploratory behaviors

Results for the anxiety-like behavioralmeasures assessed during the
OF and EPM are displayed in Fig. 3. The repeatedmeasures ANOVA anal-
ysis for the number of line crossings obtained during the OF revealed a
significant Group × Time interaction (F = 4.59, p = 0.045), however
p-values derived from the post-hoc tests (i.e., 2-tailed t-tests) did not
reach significance for any of the pre- versus post-injury contrasts
(p's ≥ 0.174; Fig. 3E). In addition, no significant main effects or interac-
tions were observed for the number of entries into the large center of
the OF arena (p's N 0.752), nor were there any significant main effects
for Time or Group × Time interactions for number of corner-facing
events, stretch-attend postures, rearings, grooming bouts, or defeca-
tions. Results did reveal a significant main effect of Time (F = 6.65,
p = 0.02) for the number of grooming bouts during the OF test. Both
groups of rats showed significant decreases in grooming behaviors at
4 weeks post-injury versus pre-injury (p=0.005), likely due to habitu-
ation to the OF arena. Overall, our results indicate that peripheral nerve
injury had no effect on anxiety-like or exploratory behaviors measured
unctional brain changes in a rat model of chronic neuropathic pain: A
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Fig. 3. Line graphs depicting themeans and standard errors for the allodynic- and anxiety-like behavioralmeasures across the pre-injury andpost-injury time points for SNI (red lines) and
sham (blue lines) rats. For the behavioral measure of mechanical sensitivity assessed using the von Frey test, groups did not differ in their log transformed 50% withdrawal response
thresholds for the (A) left (ipsilateral to the side of surgery) or (B) right (contralateral to the side of surgery) hindpaws at the pre-injury time point. At 5, 9, 14, and 19weeks post-injury,
SNI rats showed significantly lowerwithdrawal response thresholds for the ipsilateral (p's≤ 0.001), but not contralateral, hindpaw compared to shams. No significant group differences in
withdrawal response thresholds were observed across the pre- versus 2 weeks post-injury time points for either the ipsilateral or contralateral hindpaw. For the behavioral measure of
cold sensitivity assessed during the acetone cold sensitivity test (CST) at 2, 5, 9, 14, and 19weeks post-injury relative to baseline, SNI rats showed significantly greater response durations
(s) following acetone application to the (C) ipsilateral hindpaw, but not (D) contralaterally, compared to shams. Groups did not differ in acetone response durations at the pre-injury time
point for either the ipsilateral or contralateral paw. No significant group differences in anxiety-like behaviors assessed by the number of line crossings during the open field (E) or the
number of closed arm exits during the elevated plus maze (F) across the pre-injury and post-injury time points were found.
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during the OF test. For the EPM (Fig. 3F), there was a significant main
effect of Time (F = 13.43, p = 0.003), such that rats in both groups
showed increases in the number of closed arm exits at 9 weeks post-
injury (p=0.026; Fig. 3F) relative to the pre-injury time point. Howev-
er, no Time × Group interaction (F= 1.57, p=0.299) was observed for
the number of closed arm exits, indicating that peripheral nerve injury
had no effect on this measure of anxiety-like behavior. We also found
no significant group differences in the number of corner-facing events,
stretch-attend postures, rearings, or grooming bouts. Moreover, we
observed no defecations in either group of rats across any of the six
behavioral time points. In summary, SNI rats showed no signs of
anxiety-like behaviors at any of the time points tested during either
the OF or EPM paradigms.

Whole-brain and ROI-restricted analyses

Whole-brain analysis yielded widespread early and late functional
brain changes in SNI rats. At the early post-injury time point relative
to baseline, acetone application to the left hindpaw induced greater ac-
tivation in SNI rats compared to shams in brain areas involved in pain
processing such as the contralateral somatosensory cortex, VPL of the
thalamus, and dorsal striatum. In addition, larger deactivations were
observed in areas involved in processing the affective-motivational
aspects of pain including the contralateral insula, medial thalamus,
and ipsilateral ACC. Interestingly, midbrain and brainstem regions
such as the PAG and pontine nuclei also showed greater deactivations
Fig. 4. Results from thewhole-brain and region of interest (ROI) restricted analyses for the aceto
(A)Whole-brain activation and deactivation T maps displaying blood-oxygen-level dependent
activations; cool voxels) contrasts at 4 weeks post-injury versus baseline (4 weeks post-injury
changes for the SNI N sham (activations; warmvoxels) and SNI b sham (deactivations; cool voxe
For theROI restricted analysis, cluster thresholdswere corrected formultiple comparisons using
in eachROI to reach significance at an alpha level of p=0.05. (C)Whole-brain activation and de
SNI N sham(activations;warmvoxels) and SNI b sham(deactivations; cool voxels) contrasts at 2
activation and deactivation T maps displaying BOLD signal changes for the SNI N sham (activat
post-injury versus baseline (20weeks post-injury N pre-injury). For the ROI restricted analysis,
determined theminimum cluster size of continuous voxels within each ROI to reach significanc
anterior cingulate/prelimbic cortex; Hc = hippocampus; Ins = insula; PAG = periaqueductal
thalamus; L = left; R = right.
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in SNI rats compared to shams. At the late post-injury timepoint relative
to baseline, SNI rats showed greater stimulus-evoked activations in the
ACC and prelimbic region, insula, basal ganglia, and somatosensory
cortices, whereas marked and sustained deactivations were seen in
the medial thalamus and PAG.

Based on our a priori hypotheses, we conducted a series of ROI re-
stricted analyses to characterize the early and long-term effects of pe-
ripheral nerve injury on functional brain changes in pain-related areas
evoked by acetone application to the left hindpaw in SNI rats compared
to sham controls (see below). Inline Supplementary Fig. S1 illustrates
the mean (± SEM) parameter estimates at 4 and 20 weeks post-injury
versus baseline (post–pre) for the major findings obtained from our
ROI analyses for each group (see Inline Supplementary Fig. S1).

Inline Supplementary Fig. S1 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2014.12.024.

SNI-induced early functional brain changes in response to innocuous cold
stimuli

Fig. 4 displays the parametric maps for the whole-brain and ROI-
restricted between group analyses for the acetone application fMRI par-
adigm at the early (4weeks; A–B) and late (20weeks; C–D) post-injury
time points. Table 1 shows the corresponding peak voxel T- and
p-values for the significant clusters obtained from the restricted ROI
analysis. At 4 weeks post-injury (Table 1, Fig. 4B), SNI rats showed sig-
nificantly greater BOLD activation compared to shams contralateral to
ne application paradigmat the early (4weeks) and late (20weeks) post-injury time points.
(BOLD) signal changes for the SNI N sham (activations; warm voxels) and SNI b sham (de-
N pre-injury). (B) ROI restricted activation and deactivation T maps displaying BOLD signal
ls) contrasts at the 4weeks post-injury versus baseline (4weeks post-injury N pre-injury).
AFNI's 3dClustSimwhichdetermined theminimumcluster size of continuous voxelswith-
activation Tmaps displaying blood-oxygen-level dependent (BOLD) signal changes for the
0weekspost-injury versus baseline (20weekspost-injuryN pre-injury). (D) ROI restricted
ions; warm voxels) and SNI b sham (deactivations; cool voxels) contrasts at the 20 weeks
cluster thresholdswere corrected formultiple comparisons using AFNI's 3dClustSimwhich
e at an alpha level of p=0.05. Abbreviations: ACC= anterior cingulate cortex; ACC/PrL=
gray; S1 = primary somatosensory cortex; S2 = secondary somatosensory cortex; TH =
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the side of injury, in the right ventroposterior lateral (VPL) nucleus of
the thalamus and right S1. SNI rats also showed relatively greater bilat-
eral activation in the Hc compared to shams. Significant decreases in
BOLD activity contralateral to the side of injury were also observed in
the right medial thalamus and two clusters in the right insula, one
located rostrally and the other caudally. Ipsilateral to the side of injury,
relative decreases were seen in the left ACC and midcingulate (MCC)
cortices, as well as the left VPL, and left S1. In addition, SNI rats showed
significant deactivation in the PAG compared to shams. Inline Supple-
mentary Fig. S1 displays the mean (± SEM) parameter estimates at 4
weeks post-injury versus pre-injury time points (post – pre) for the
major significant clusters obtained from our ROI analyses for each
group.

SNI-induced late functional brain changes in response to innocuous cold
stimuli

At 20weeks post-injury relative to baseline (Table 1 and Fig. 4D), SNI
rats showed significantly greater bilateral activations in S2 relative to
sham controls. In contrast to the deactivation observed in the left ACC
at 4 weeks post-injury, at 20 weeks post-injury, SNI rats showed signif-
icantly greater activation in more anterior regions of the left ACC,
encompassing the PrL. SNI rats also showed a significant increase in
BOLD activity in the right MCC relative to shams. Consistent with find-
ings at 4 weeks post-injury, at 20 weeks SNI rats relative to shams
showed significant deactivations in the PAG, left VPL, and two right
medial thalamus clusters. The two clusters in the medial thalamus
were situated along the dorsal and ventral aspects of the midline tha-
lamic nuclei (Fig. 4D). SNI rats also showed a significant decrease in
BOLD activity in the left Hc compared to shams at 20 weeks post-injury.

SNI-induced late functional brain changes in the anterior cingulate and
prelimbic cortices associated with cold hypersensitivity

In SNI rats, correlational analysis between the acetone CST response
durations and BOLD signal changes for significant clusters extracted
from the ROI restricted analysis during acetone application at the early
post-injury time point (~1 month) revealed only a positive trend
(i.e., increased cold sensitivity associated with increased BOLD activity
changes) in the right caudally-located insular cluster (r = 0.708, p =
0.075). In the sham group, we found a significant negative correlation
between acetone CST response durations and BOLD signal changes in
the left S1 (r = −0.955, p = 0.012; Fig. 5A) and in the right VPL of
the thalamus (r = −0.877, p = 0.051). At the late post-injury time
point (~5 months), correlational analyses between acetone response
durations and BOLD signal changes revealed a significant positive corre-
lation in SNI rats for the left ACC/PrL region (r = 0.80, p = 0.022;
Table 1
Summary of Group × Time interactions for the restricted ROI analysis.

Contrast 4 weeks post-injury N pre-injury

Region Cluster size Peak T-value Peak p-valu

SNI N sham R TH (VPL) 14 2.50 0.009
R S1 8 2.79 0.005
L Hc 4 2.18 0.019
R Hc (rostral) 8 2.71 0.005
R Hc (caudal) 7 2.35 0.012

SNI b sham L TH (VPL) 5 −2.14 0.020
R mTH 4 −2.26 0.016
L S1 6 −2.97 0.003
L ACC/MCC 4 −2.15 0.020
PAG 7 −2.50 0.009
R Ins (rostral) 6 −3.54 0.001
R Ins (caudal) 4 −2.70 0.006

Peak voxels in significant clusters for the left (L) or right (R) restricted region of interest (ROI)
point. Abbreviations: thalamus (TH), ventroposterior lateral (VPL) nucleus of the TH, medial
anterior cingulate cortex (ACC), midcingulate cortex (MCC), prelimbic cortex (PrL), periaqued
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Fig. 5B), with a correlation approaching significance for the right S2
(r = 0.698, p = 0.081). A significant positive correlation between re-
sponse durations and BOLD signal changes in the left ACC/PrL (r =
0.955, p=0.011; Fig. 5B) was also found for shams, however, the mag-
nitude of change in SNI rats was much larger compared to shams indi-
cating that greater activity in the ACC/PrL was associated with greater
cold sensitivity in these animals.

SNI-induced increases in glutamate in the anterior cingulate cortex associ-
ated with cold hypersensitivity

A summary of the MRS results is displayed in Fig. 6A. Figs. 6B and C
depict the ACC region of interest for in vivo 1H MRS scanning and a
representative spectrum at the pre-injury scan time point. Repeated
measures ANOVAs revealed trends toward a significant main effect of
Time (F = 4.82, p = 0.053) and Group × Time interaction for Glu
(F= 4.88, p=0.052). At the early post-injury time point, SNI rats com-
pared to shams showed increased levels of Glu in the ACC (Fig. 6A).
There were no significant main effects or Group × Time interactions
for GABA (p's N 0.848) or Gln (p's N 0.537), although a trend toward a
significant main effect for Time (p = 0.072) appeared for the Glx, with
rats showing increased Glx concentrations at 4 weeks post-injury rela-
tive to baseline (Fig. 6A). In addition, there were main effects for Time
for NAA (p = 0.051) and Tau (p = 0.020). Both SNI and sham rats
showed significant increases inN-acetylaspartate (NAA) and significant
decreases in Tau at 4weeks post-injury compared to the pre-injury time
point. Altered concentrations of NAA and Tau in the ACC in both groups
of rats at 4 weeks post-surgery likely reflect age-related changes associ-
ated with neocortical development (Angelie et al., 2001; Bluml et al.,
2013; Paban et al., 2010; Zhang et al., 2009).

Correlational analyses with difference scores for the post- minus
pre-injury time points for the behavioral CST scores and concentrations
of Glu, GABA, Gln, and Glx, revealed significant positive relationships for
Glu (r = 0.782, p = 0.038; Fig. 6D) and Glx (r = 0.872, p = 0.010;
Fig. 6E) for the SNI group, but not shams (p's N 0.253). These results sug-
gest that the development of cold hypersensitivity due to peripheral
nerve damage was associated with increased levels of both Glu and
Glx concentrations in the ACC at 4 weeks post-injury.

Discussion

The present study examined the time course of SNI-induced func-
tional brain changes associatedwith the development andmaintenance
of cold hypersensitivity in female rats, using a novel, chronic neuropath-
ic pain model of cold allodynia during fMRI. SNI rats showed early
(subchronic) and late (chronic) functional brain changes associated
with acetone application in areas important for processing the affective-
20 weeks post-injury N pre-injury

e Region Cluster size Peak T-value Peak p-value

L S2 3 2.01 0.026
R S2 9 2.33 0.013
L ACC/PrL 14 3.63 0.001
R MCC 7 2.23 0.017

L TH (VPL) 5 −2.37 0.012
R mTH (dorsal) 9 −2.92 0.003
R mTH (ventral) 9 −2.79 0.005
L Hc 6 −2.58 0.007
PAG 36 −3.00 0.003

analyses at 4 weeks (early) and 20 weeks (late) post-injury relative to the pre-injury time
TH (mTH), primary (S1) and secondary (S2) somatosensory cortices, hippocampus (Hc),
uctal gray (PAG), and insula (Ins).
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Fig. 5. Scatterplots displaying correlations betweenBOLD signal changes andmagnitude changes in response durations during the behavioral acetone cold sensitivity test (CST) for SNI rats
(red dots) and sham controls (blue dots) at the early (A) and late (B) time points. (A) At the early time point, approximately 1 month post-injury (weeks 4 and 5), analysis revealed a
significant negative correlation between BOLD signal changes in the left S1 and the magnitude of change in CST response durations in shams, but not SNI rats. (B) At the late time
point, approximately 5months post-injury (weeks 19 and 20), positive correlationswere found between BOLD signal changes in the left ACC/prelimbic (PrL) region andmagnitude chang-
es in CST response durations in both SNI rats and shams.
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motivational and sensory-discriminative components of pain, including
the ACC, VPL, and somatosensory cortices, as well as areas involved in
the descending modulation of afferent nociceptive signaling, including
midline thalamic nuclei and the PAG. The time course of these functional
brain changes varied across the 5 month post-injury period, with some
activation and deactivation patterns persisting (present at both early
and late time points) and other transient changes, present at early or
late time points. In SNI rats, these functional brain changes were associat-
ed with early and sustained increases in behavioral measures of mechan-
ical and cold sensitivity. We also observed late activations in the ACC and
PrL that were associatedwith largermagnitude increases in cold sensitiv-
ity in SNI rats relative to shams. SNI rats also showedearlyGlu increases in
the ACC which correlated with cold hypersensitivity. Taken together, our
findings indicate that peripheral nerve injury induces marked functional
and metabolic brain changes that are accompanied by allodynic-like
behaviors which persist for many months following injury. The time
course associated with these neuroplastic and behavioral changes may
reflect the chronification of neuropathic pain and the development of
allodynic-like symptoms over prolonged periods of time.

Consistent with previous work, SNI induced rapid and long lasting
mechanical and cold hypersensitivity (Decosterd and Woolf, 2000;
Low et al., 2012; Sandkuhler, 2009; Seminowicz et al., 2009). However,
SNI did not affect anxiety-like behaviors at any of the post-injury time
points. These results are contrary to our hypothesis, and could be attrib-
uted to differences inmethodological design, environmental factors, ap-
paratus used, rodent strain, age, and/or sex of the animals (Kokras and
Dalla, 2014; Kontinen et al., 1999; Leite-Almeida et al., 2009; Pritchard
et al., 2013; Schmitt and Hiemke, 1998; Walsh and Cummins, 1976).
The possibility of sex accounting for the different findings across studies
is especially relevant given that the majority of studies used male ro-
dents whereas females were used here. Indeed, sex differences using
the OF and EPM have been described, with female rodents generally
displaying less anxiety-like behaviors and increased exploration than
their male counterparts (An et al., 2011; Frye et al., 2000; Johnston
and File, 1991; Rodgers and Cole, 1993; Zimmerberg and Farley,
1993). Both SNI and shamrats showed significant decreases in the num-
ber of grooming bouts in the OF at 4 weeks post-injury versus baseline,
further indicating that by the second time point our female rats had ha-
bituated to the OF and were not showing signs of stress or anxiogenic
behaviors. Nevertheless, our data confirm previous findings demon-
strating SNI-induced hypersensitivity to innocuous mechanical and
cold stimuli which appear early, and persist over long periods of time,
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and further bolsters the utility of SNI as a model of chronic neuropathic
pain in humans.

SNI induced early increased activity in the contralateral S1 and
VPL, whereas ipsilaterally, early and sustained decreases were seen.
These findings parallel previous results demonstrating abnormal
thalamocortical connectivity between the VPL and S1 following spinal
cord injury (Seminowicz et al., 2012). SNI rats also showed transient de-
creases in the right insula, at 4 weeks post-injury, which was absent by
the late time point. Conversely, early activations were observed bilater-
ally in the hippocampus followed by late decreases ipsilaterally. In addi-
tion, we observed late bilateral S2 activation in SNI rats relative to
shams. The aforementioned findings are largely in agreement with
prior neuroimaging studies in humanswith various chronic pain condi-
tions and in rodentmodels of neuropathic pain demonstrating function-
al and structural abnormalities in pain-related brain regions such as the
thalamus, insula, hippocampus, S1 and bilateral S2 (Apkarian et al.,
2004; Baliki et al., 2012; Khan et al., 2014; May, 2008; Mutso et al.,
2012; Seminowicz et al., 2009, 2012; Thompson and Bushnell, 2012).

A major finding in the current study was that SNI rats showed early
and sustained decreases in key components of the descending pain mod-
ulatory system, including the contralateral midline thalamic nuclei and
the PAG. The PAGhas been implicated in the descendingmodulatory con-
trol of afferent nociceptive signaling as well as in the generation of
defense-related behaviors (i.e., avoidance learning) (Stamford, 1995;
Tang et al., 2009). The PAG sends ascending inhibitory projections to me-
dial thalamic nuclei and in turn, receives descending excitatory projec-
tions from these nuclei, as well as from the ACC (Andersen, 1986;
Mantyh, 1982; Marchand and Hagino, 1983; Sakata et al., 1988). Addi-
tionally, the PAG exerts descending inhibitory actions on medullary and
spinal cord dorsal horn neurons, and electrical stimulation or opioid injec-
tion into the ventrolateral or dorsal PAG has profound analgesic effects
(Mayer and Liebeskind, 1974; Reynolds, 1969; Yaksh et al., 1988). Since
both ascending inputs from the PAG to themedial thalamus anddescend-
ing pathways to the hindbrain and spinal cord are largely anti-
nociceptive, it seems reasonable in light of our behavioral findings that
the sustained decrease in the contralateral midline thalamic nuclei and
PAG, combined with the concomitant late increase in ACC activity, may
reflect disruptions in descending inhibition from the PAG and/or in-
creased facilitation to this region, resulting in increased nociceptive affer-
ent signaling (i.e., central sensitization) and the development and
maintenance of neuropathic pain-like behaviors to an innocuous cold
stimulus (Leith et al., 2010). These findings have important clinical and
unctional brain changes in a rat model of chronic neuropathic pain: A
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Fig. 6. Results from in vivo 1H magnetic resonance spectroscopy (MRS) of the ACC. (A) Bar graph displaying the means and standard errors for metabolite concentrations (μmol/g wet
weight) of glutamate (Glu), GABA, glutamine (Gln), and glutamate–glutamine complex (Glx), in SNI rats and shams at 4 weeks post-injury (black bars) relative to baseline (white
bars; 1 week pre-injury). SNI rats, compared to shams, showed increased levels of Glu in the ACC 4 weeks post-injury relative to baseline. (B) The proton-density-weighted image of a
coronal slice of a rat brain, in vivo, illustrates the rostral section of the ACC region of interest (3 × 3 × 3 mm3) for MRS scanning. (C) Representative in vivo 1H MR spectrum at 7 T
during a baseline scan (pre-injury). The signals assigned in the spectra refer to the following metabolites: Glu, GABA, Gln, Glx, glutathione (GSH), total choline (tCho), myo-inositol
(MI), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), total creatine (tCr), and taurine (Tau). Scatterplots depicting positive correlations between magnitude changes in
the concentration levels of Glu (D) and Glx (E) in the ACC and magnitude changes in CST response durations in SNI rats, but not shams.
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research implications in that we show for the first time that chronic neu-
ropathic pain induced by peripheral nerve injury produced marked and
long-lasting changes in PAG functioning which likely reflect changes in
PAG circuitry and closely resemble clinical manifestations of cold
allodynia in humans suffering from various chronic pain conditions in-
cluding peripheral neuropathy.

Another novel findingwas that SNI rats showed early decreases in the
left ACC/MCC followed by late increases in both the left ACC/PrL and right
MCC. Converging evidence from human and animal studies suggest that
the ACC is involved in processing cognitive, affective, and autonomic re-
sponses to pain and its anticipation, whereas the MCC is more involved
in sensorimotor functions related to the motivational and goal-
orientated aspects of the pain experience (Vogt et al., 1992; Vogt and
Sikes, 2000). Thus, the reversal in activity in the left ACC/MCC at the late
post-injury time point, along with the enhanced activation in the right
MCC and the PrL, may reflect injury-induced maladaptive brain changes
and subsequent functional cortical reorganization in areas important for
processing the cognitive-evaluative and affective-motivational aspects
of pain (Davis et al., 2011; Hashmi et al., 2013; Vertes, 2006). Further-
more, at the late post-injury time point, we observed greater BOLD signal
in SNI than sham rats in the left ACC/PrL and activity in that region was
positively correlatedwith cold hypersensitivity, indicating that peripheral
nerve injury induced a greater degree of cold sensitivity, and that this cold
allodynia was temporally related to the change in ACC activity.

Another important finding was that SNI rats showed increased Glu
in the ACC compared to shams at the early post-injury time point. Glu
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is the primary excitatory neurotransmitter in the mammalian brain
and is widely expressed throughout pyramidal neurons and glial cells
in the neocortex (Erecinska and Silver, 1990). The early increase in
Glu in the present study is in accordance with previous work demon-
strating increased 1H-MRS Glu concentrations in the ACC in humans
during a pain-eliciting stimulus (Mullins et al., 2005) and enhanced pre-
synaptic glutamatergic release, post-synaptic AMPA-receptor mediated
responses, and NR2B-selective NMDA receptor overexpression, in the
ACC in neuropathic or inflammatory pain models (Cao et al., 2009;
Wu et al., 2005; Xu et al., 2008; Zhao et al., 2006). In addition, increased
concentrations of Glu in the ACC, as well as Glx, were significantly cor-
relatedwith themagnitude of cold hypersensitivity in SNI rats, suggest-
ing that these behavioral changes may be related to increased
glutamatergic neurotransmission and/or up-regulation in Glu–Gln cy-
cling. Alternatively, changes in re-uptakemechanisms and/or increased
degradation of glia may also be contributing factors. The role of glial
cells in the development and maintenance of chronic neuropathic pain
following peripheral nerve damage is well-established (Mika et al.,
2013; Zhuo et al., 2011). We found no differences in MI, a putative
marker of gliosis (Ross et al., 1998), between our SNI and sham rats,
but given that MI is a marker of astrocyte activation, it remains possible
that the changes observed herewere due tomigroglia. Another possibil-
ity is a loss of inhibition in ACC circuitry via disrupted GABAergic neuro-
transmission, which has also been implicated in the pathophysiology of
chronic neuropathic pain. Disinhibition of GABA neurons in the ACC, in
turn, might lead to hyperexcitability in nearby pyramidal neurons
unctional brain changes in a rat model of chronic neuropathic pain: A
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(Blom et al., 2014). This hypothesis is partially supported by our fMRI
results. At the early post-injury time point, SNI rats displayed greater
BOLD decreases in the left ACC which were followed by a late reversal
in activity, a finding which may reflect a loss of inhibitory drive over
time and heightened cortical excitability.

Limitations

One potential limitation in the present study is that animals were
anesthetizedwith isoflurane (≤1.5%) during the fMRI paradigm.Our ra-
tionale for using isoflurane was based on previous findings from rodent
neuroimaging studies demonstrating intact stimulus-evoked BOLD sig-
nal responses, as well as spontaneous BOLD signal fluctuations during
resting-state, using similar levels of sedation required to achieve
immobility during scanning (Liu et al., 2004, 2013; Masamoto et al.,
2007). Regardless, caution is needed when interpreting fMRI results in
anesthetized animals even at the low levels of sedation used in the
present study. The use of anesthetics in rodent neuroimaging and the
inherent limitations have been extensively discussed elsewhere
(Borsook and Becerra, 2011; D'Souza et al., 2014; Thompson and
Bushnell, 2012).

Conclusion

The acetone application fMRI paradigm presented here represents a
novel method for studying altered pain-related brain circuitry in a rat
model of chronic neuropathic pain. Our results indicate that peripheral
nerve injury induced functional and metabolic brain changes over ex-
tended periods of time that coincided with the development andmain-
tenance of allodynic-like behaviors, including cold and mechanical
hypersensitivity. This extensive functional and metabolic reorganiza-
tion in pain-related brain circuitry particularly involving early hyperac-
tivity of sensory areas (VPL, S1) and later hyperactivity of affective areas
(ACC/PrL), and early and sustained hypoactivity of themedial thalamus
and PAG, may reflect a progression from an acute and adaptive pain
state to a chronic, maladaptive neuropathic disease state. Future work
is needed to determine if the maintenance of cold and mechanical hy-
persensitivity can be prevented or reversed by blocking the functional
and metabolic changes in regions identified in this study.
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