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Abstract

Tactile allodynia, a condition in which innocuous mechanical stimuli are perceived as painful, is a 

common feature of chronic pain. However, how the brain reorganizes in relation to the emergence 

of tactile allodynia is still largely unknown. This may stem from the fact that experiments in 

humans are cross-sectional in nature, while animal brain imaging studies typically require 

anaesthesia rendering the brain incapable of consciously sensing or responding to pain. In this 

longitudinal fMRI study in awake rats, we tracked brain activity with the development of tactile 

allodynia. Prior to injury, innocuous air puff stimuli evoked a distributed sensory network of 

activations, including contralateral somatosensory cortices, thalamus, insula, and cingulate cortex. 

Moreover, the primary somatosensory cortex displayed a graded response tracking airpuff stimulus 

intensities. After neuropathic injury, and for stimuli where the intensity exceeded the paw 

withdrawal threshold (evoking tactile allodynia), the BOLD response in the primary 

somatosensory cortex was equivalent to that evoked by the identical stimulus prior to injury. In 

contrast, nucleus accumbens and prefrontal brain areas displayed abnormal activity to normally 

innocuous stimuli when such stimuli induced tactile allodynia at 28 days after peripheral nerve 

injury, which had not been the case at 5 days post-injury. Our data indicate that tactile allodynia-

related nociceptive inputs are not observable in the primary somatosensory cortex BOLD 

response. Instead, our data suggests that, in time, tactile allodynia differentially engages neural 

circuits that regulate the affective and motivational components of pain.

Introduction

Tactile allodynia, pain arising from normally innocuous stimuli, is a common feature of 

neuropathic pain [24; 49]. Patients with tactile allodynia can experience severe pain 

sensations from the mild pressure of clothing, a light touch, or even a breeze on the affected 

area. The majority of research into tactile allodynia has concentrated on changes in the 

peripheral nervous system and spinal cord circuitry [10; 13; 19; 42]. The resultant general 
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hypothesis is that it is a consequence of nerve injury causing changes in tactile signaling in 

the spinal cord. That is, following central sensitization, low-threshold Aβ fibers normally 

mediating tactile sensation gain access to the nociceptive system in the spinal cord. As a 

result, innocuous tactile stimuli activating Aβ fibers evoke painful sensations.

Although it is widely recognized that the involvement of supraspinal loops cannot be 

excluded in tactile allodynia, to date we still have a limited knowledge of the role of related 

cortical and subcortical mechanisms. The standard general hypothesis implies that, 

following an allodynia causing injury, mechanical innocuous stimuli should engage and 

enhance the brain circuitry commonly observed for acute pain. The concept has been tested 

in brain imaging studies in healthy subjects following a mild skin injury [33], and in various 

neuropathic chronic pain patient groups exhibiting tactile allodynia [12; 21; 23; 30; 39]. 

Unfortunately, these studies do not present a coherent view of underlying circuitry, perhaps 

due to the diverse types of chronic pain studied and the cross-sectional designs employed. In 

this study, we take advantage of rodent models of neuropathic pain, since the emergence of 

neuropathic pain can be followed both before and at various time points after a neuropathic 

injury.

In this longitudinal study, we examine fMRI brain activity underlying touch-evoked 

allodynia in rats with neuropathic pain. Our primary goal is to understand how the brain 

representation for innocuous stimuli changes in relation to tactile allodynia in a 

homogeneous group of rats in comparison to sham injury, and as a function of time from 

peripheral neuropathic injury. To our knowledge, this is the first longitudinal fMRI study in 

awake rats. The use of awake rats enables us to examine how the brain consciously 

processes tactile allodynia for a range of innocuous stimuli which may not be detectable in 

fMRI studies in anesthetized rats [38; 40].

Methods

Animals

Twenty-two adult male Sprague Dawley rats (Harlan, Indianapolis, IN; 325g) were used in 

the present study. Rodents were housed on soft bedding in groups of two or three per cage 

on a 12-hour light/dark cycle in a temperature controlled environment (21 ± 2°C) with food 

and water available ad libitum. All animal handling and testing was performed during the 

light period. All of the experimental procedures were approved by Institutional Animal Care 

and Use Committee of Northwestern University.

Head-Post Implantation

Surgery for head-post implantation was done under anesthesia. Rats were initially 

anesthetized with 3.5% isoflurane mixed with 30% N2 and 70% O2, then transferred to a 

stereotaxic device and mounted using blunt ear bars that do not break the eardrums. 

Anesthesia was continued at a lower concentration sufficient to block motor responses to 

pinching the hindlimbs. The head fur was shaved, and eyes were covered with ointment to 

prevent drying out and corneal infection. After disinfecting the skin overlying the skull, the 

scalp was cut longitudinally and the skin retracted from the cranium. The head-post was 
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placed at the midpoint of bregma and lambda, and fixed to the skull with dental cement. The 

skin wound was treated with antibiotics. The animals were then released from the stereotaxic 

frame and kept warm using a heat lamp. After head-post implantation, rats were given at 

least a week of rest to recover from the surgical preparation prior to the start of acclimation 

procedures.

Spared Nerve Injury (SNI)

SNI was used as an animal model of peripheral neuropathic pain. Animals were anesthetized 

with isoflurane (1.5–2%) and a mixture of 30% N2 and 70% O2. The sciatic nerve of the left 

hind leg was exposed at the level of trifurcation into the sural, tibial, and common peroneal 

nerves. The tibial and common peroneal nerves were tightly ligated and severed, leaving the 

sural nerve intact. Sham animals had their sciatic nerves exposed as in the SNI procedure but 

received no further manipulations.

Test for Tacile Allodynia

Tactile sensitivty was assessed by withdrawal responses to von Frey filaments. The test was 

always performed one day before scanning, in a blinded paradigm. Rats whose head-posts 

became detached were excluded. The tactile sensitivity of the hind paw was measured using 

withdrawal responses to a series of von Frey filaments [17]. Rats were placed in a Plexiglass 

box with a wire grid floor and allowed to habituate to the environment for 10 – 15 minutes 

prior to testing. Filaments of varying forces (Stoelting Co, USA) were applied to the lateral 

part of the plantar surface of the hind paw. Filaments were applied in either ascending or 

descending strengths to determine the filament strength closest to the hind paw withdrawal 

threshold. Each filament was applied for a maximum of 2 seconds, with 10 seconds between 

each application. Testing continued until at least 6 measurements were completed after the 

first change in direction. Paw withdrawal during the stimulation was considered a positive 

response. Given the response pattern and the force of the final filament, 50% response 

threshold (in grams) was calculated.

Acclimation Procedure

Rats were habituated to the head-fix system using a short and systematic graded training 

procedure [16]. The acclimation included 1) body restraint with rats entering a snuggle sack 

by themselves and assuming a comfortable, natural posture, 2) immobilization of their head 

with a head-post, 3) air-puff stimulation to their paw, and 4) exposure to loud noise from 

fMRI scan sequences. Procedures for acclimation were carried out 30 minutes per day for 8–

10 days during the 2 weeks prior to collection of imaging data. The procedures were 

repeated for 1–3 days prior to imaging at 5 and 28 days post surgery.

fMRI Experiments

The experimental design is illustrated in Figure 1. A total of 22 rats were used in the 

experiment. Baseline fMRI scans were conducted in rats 2 days prior to SNI (N = 12) or 

sham injury (N = 10). At 5 and 28 days post-injury, SNI and sham injury rats were scanned 

again. Animals whose head-post became detached during re-training sessions were not 

imaged. In addition, data from rats with excessive motion artifacts were likewise discarded. 
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After these eliminations, we retained scans for 10 SNI and 9 sham rats at day 5, and 7 SNI 

and 6 sham rats at day 28. The fMRI scans had 6 repetitive stimulus blocks for 5 minutes. 

Each block consisted of stimulation alternated with 8sec-off/12sec-on/30sec-off. FMRI 

scans during blocks of stimulation were acquired when the rats were awake and received 

unilateral 1g or 3g air-puff stimuli to the side surface of their hind paw via the outlet of the 

custom-made air-puff injector. Air-puffs were given continuously during the 12-second 

stimulation period. The force of air-puff is measured based on the weight it exerts on a 

balance scale. The 4th fMRI scan, in which 3g stimuli was applied to the surgery paw, was 

intended to evoke tactile allodynia in the SNI rats after surgery.

To assess the behavioral response caused by the air-puff stimulation in the SNI animals, we 

performed a pilot test in which response to 3g air-puff stimulation was measured in a 

separate group of SNI rats at 45 days post-surgery (N = 2). The setup was identical to the 

real fMRI experiment except it was performed outside of the scanner. SNI rats exhibited 

minor paw movements and signs of motor weakness during stimulation to the injured paw, 

but no vocalization or other signs of distress or pain was observed. No response was seen 

when the stimulation was applied to the healthy paw.

During all fMRI experiments, respiratory rates were monitored using respiration pads 

(Model 1025; SA Instruments, Stony Brook, NY, USA). Respiratory waves were recorded 

during image acquisition with a sample rate of 225 samples per second.

MRI Acquisition

All MR experiments were carried out on a Bruker 7 T Clinscan horizontal magnet. A two-

channel volume resonator was used for radio-frequency transmission and a 2 cm diameter 

surface coil was used for signal detection. Blood Oxygenation Level Dependent (BOLD) 

contrast-sensitive T2*-weighted EPI were acquired for functional images with the following 

parameters: gradient-echo, 16 oblique transverse slices, repetition time (TR) = 2000 ms, 

echo time (TE) = 18 ms, in-plane resolution = 0.38 mm × 0.38 mm, slice thickness = 0.5 

mm, number of repetition is 150.

A T2-weighted anatomical image, with an identical spatial dimension to the functional 

images, was used as a main anatomical reference. An additional T2-weighted anatomical 

image with full-brain coverage was also obtained. Furthermore, field maps with short TE = 4 

ms and long TE = 5 ms were collected.

Image Preprocessing

Images were preprocessed with FSL 5.1. All images were first skull stripped to remove non-

brain voxels. Functional images were corrected for image distortion from the field map and 

imaging parameters. The functional images were then preprocessed with correction of slice-

timing, motions, spatially smoothed with a Gaussian kernel of 0.7 mm full width at half 

maximum (FWHM) and high pass filtered with a cutoff of 100 seconds.

For each scan, each functional image was first aligned to the average of all functional images 

within the scan as reference image, and then registered to the main anatomical reference 

using a boundary-based registration (BBR) cost function. This was followed by an alignment 
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with the individual’s full-brain anatomical image, and then co-registered to a full-brain 

standard space.

The time points in an fMRI dataset that were corrupted by large motion were detected using 

FSL’s motion outliers routine. Outlier points were those that fell outside 1.5 times the 

interquartile range (0.25–0.75 quartile). Voxel-wise regressors for physiological noise, which 

was based on respiratory recording, were generated using the FSL tool PNM. Nuisance 

regressors that modeled six motion parameters (translations and rotations), motion spikes, 

and physiological noise were removed from fMRI data through linear regression.

Statistical Analysis

A general linear model (GLM) approach was performed on individual rodents to identify 

brain regions in which the time course of the BOLD signal was significantly related to the 

stimulation paradigm. After preprocessing, time series statistical analysis was carried out 

with FILM with local autocorrelation correction. The GLM model was convolved with a 

gamma hemodynamic response function with 0 second phase, 2 second FMWH, and 2.5 

second lag to peak along its temporal derivative [46].

Group-level mixed effects group analyses were performed for each contrast by using FSL’s 

FLAME module with two stages (1+2). The signal change of time points in a voxel was 

expressed as percentage changes relative to 8 seconds prior to the stimulus. A co-registered 

digital rat atlas [44] was used to label brain areas of interest.

Results

Behavioral Signs of Tactile Allodynia

Withdrawal thresholds of the injured paw in SNI animals, but not sham animals, decreased 

at 5 days post surgery (4.5 ± 0.58, mean ± SEM) and persisted at 28 days post surgery (2.65 

± 0.35) (Figure 1B; ANOVA, group by time effect F(2, 57) = 8.75, p < 0.001). Post-hoc 

testing revealed that the thresholds of SNI compared to sham rats did not differ at baseline, 

but were significantly different at both 5 and 28 days post SNI (Fisher LSD post-hoc 

comparison, p < 0.001). No changes in withdrawal thresholds were observed for the healthy 

paw in SNI or sham animals (Figure 1B, F(2, 57) = 0.20, p = 0.82).

Brain Representation of Tactile Stimulation in Healthy Rats

To characterize the brain responses to innocuous tactile stimuli in healthy rats prior to 

surgery, a whole-brain general linear modeling analysis was performed on averaged brain 

response to 1g and 3g air-puff stimuli. Unilateral stimulation on either the left (N = 19; 

Figure 2A, Table 1) or right (N = 20; Figure 2B, Table 2) paw resulted in significant 

activations in the bilateral primary sensory cortex hindlimb region (S1HL), thalamus (Tha), 

anterior cingulate cortex (ACC), insular cortex (Ins), secondary somatosensory cortex (SII), 

and caudate putamen (CPu) (voxel-wise cluster-forming threshold of Z > 2.58 and cluster 

significance threshold of p < 0.05). The signal time course from the peak activation in the 

contralateral S1HL during left paw stimulation indicated that fMRI signal strength increased 

during each epoch of air-puff and gradually returned to baseline after the end of stimulation. 
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Furthermore, the magnitude of the BOLD response was proportional to air-puff stimulus 

intensity. The pattern of signal time course was replicated in the contralateral S1HL 

corresponding to right paw stimulation (Figure 2C).

Encoding of Stimulus Intensity in S1HL

To identify all brain areas related to stimulation intensity encoding, we performed a whole-

brain paired t-test analysis of the difference of brain activation between 1g and 3g stimuli to 

left paw stimulation in all rats prior to injury at baseline. The 3g stimulus evoked 

significantly stronger responses than 1g stimulus in the contralateral S1HL and caudal part 

of ACC (N = 19; Figure 3A, Table 3). No brain area exhibited stronger activity to 1g than 3g 

stimuli (paired-t test, with voxel-wise cluster-forming threshold of Z > 2.58 and cluster 

significance threshold of p < 0.05).

In the post-hoc analysis, we extracted BOLD response magnitude (β estimates) in S1HL 

derived from the peak of average innocuous air-puff stimulation to left paw in Figure 3A. 

We find that in SNI rats, the differential S1HL responses to the two air-puff stimuli of the 

left paw were essentially identical at baseline (N = 12) and at 5 (N = 10) and 28 days (N = 7) 

after SNI injury, despite one of the innocuous air-puffs being above SNI’s tactile withdrawal 

threshold, at 28 days post-surgery. Overall, SNI and sham surgery rats exhibited similar 

S1HL responses (Figure 3B).

BOLD magnitude was significantly associated with stimulus intensity (three-way ANOVA, 

stimulus intensity effect F(1, 90) = 20.24, p < 0.001). Furthermore, the S1HL BOLD 

magnitude elicited by the 3g stimulus was consistent over time, as it was not significantly 

different at 28 days post-SNI compared to the baseline (three-way ANOVA, Fisher LSD 

post-hoc comparison, p = 0.34). Similarly, S1HL BOLD magnitude was not different 

between SNI and sham surgery groups 28 days post-surgery (Fisher LSD post-hoc 

comparison, p = 0.42). The magnitude of responses in S1HL were not significantly different 

among air-puff intensity over time (stimulus intensity-by-time effect F(2, 90) = 1.25, p = 

0.29), and also were not significantly different among group over time (group-by-time effect 

F(2, 90) = 1.07, p = 0.35). These results demonstrate that activation in S1HL reflected 

stimuli intensity, and this was unchanged following neuropathic injury and the presence of 

tactile allodynia, as determined behaviorally.

Association of NAc and Prefrontal Areas with Tactile Allodynia

To identify brain activity specifically associated with tactile allodynia, a whole-brain paired 

t-test was used to identify different BOLD responses to stimulation of the SNI-injured paw, 

pre- and post-surgery. During 3g stimulation, no significant difference between baseline and 

5 days post-SNI was observed (N = 10; data not shown, paired t-test, with voxel-wise 

cluster-forming threshold of Z > 2.3 and cluster significance threshold of p < 0.05). When 

pain became chronic at 28 days post-SNI surgery, 3g stimuli to the injured paw resulted in 

decreased signal compared to baseline in many brain regions, including ipsilateral NAc, 

contralateral OFC, mPFC, Ins, and bilateral CPu (N = 7; Figure 4, Table 4, paired t-test, with 

voxel-wise cluster-forming threshold of Z > 2.3 and cluster significance threshold of p < 

0.05). No significant change was observed in the sham animals in both 5 (N = 9) and 28 (N= 
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6) days post-surgery, with 1g stimulus in all test conditions (data not shown, paired t-test, 

with voxel-wise cluster-forming threshold of Z > 2.3 and cluster significance threshold of p 

< 0.05).

In the post-hoc analysis, we extracted β estimates of BOLD response within these regions, 

as shown in Figure 4A. NAc and mPFC signals were significantly different over time within 

the injured group (three-way ANOVA, group-by-time effect F(2, 90) = 3.22, p = 0.04 for 

NAc and F(2, 90) = 3.72, p = 0.03 for mPFC), whereas OFC was significantly different for 

stimulus intensity over time (stimulus intensity-by-time effect F(2, 90) = 4.67, p = 0.01). 

Longitudinal signal changes of NAc and OFC are shown in Figure 4B and 4C. NAc 

exhibited a significant deactivation at 28 days post-SNI to 3g stimulus, but not to 1g 

stimulus (Figure 4B; Fisher LSD post-hoc comparison on difference between 1 and 3g 

stimulus at day 28, p = 0.042; difference of 3g stimulus response between baseline and day 

28, p < 0.001). No significant signal change was seen in the sham rats to both stimuli (Figure 

4B). BOLD signal in NAc displayed a positive response to 3g stimulus at baseline, whereas 

the identical stimulus evoked a trend of two peaks of deactivation at 28 days post SNI 

(Figure 4C), with the second peak of deactivation at 1 TR (2 second) after stimulus offset. 

OFC displayed a significant deactivation at 28 days post SNI to 3g stimulus, but not to 1g 

stimulus (Figure 4D; Fisher LSD post-hoc comparison on difference between 1g and 3g 

stimulus at day 28, p < 0.033; difference of 3g stimulus response between baseline and day 

28, p < 0.001). While activation was observed in OFC during 3g stimulus at baseline, 

deactivation was seen at 28 days post SNI (Figure 4E).

Discussion

To identify brain changes associated with persistent tactile allodynia, this study used a 

longitudinal approach and evaluated differential brain responses to innocuous tactile stimuli 

between pre- and post-partial peripheral nerve injury (SNI model). Because pain perception 

and related behavior require a conscious and aroused state, and because anesthesia dampens 

BOLD activity, assessment of brain activity in awake animals was deemed critical for 

accurate identification of tactile allodynia-related brain activity. We therefore used protocols 

we have recently established for performing fMRI in the awake rat, with proper animal 

habituation and minimal restraint, permitting brain scans uncontaminated with anesthesia or 

excessive movement [16]. The main result of this study is that the primary somatosensory 

cortex likely encodes the intensity of tactile inputs, but does not discriminate nociceptive 

touch following neuropathic injury. Moreover, the abnormal brain responses observed for a 

normally innocuous stimulus at 28 days post-neuropathic injury suggests long-lasting brain 

changes in the NAc and prefrontal brain areas, demonstrating the importance of 

corticolimbic processing in chronic neuropathic pain.

In healthy rats prior to surgery, innocuous air-puff stimulation evoked responses within a 

large distributed array of subcortical and cortical brain areas, including bilateral 

somatosensory cortices, thalamus, insular cortex, and anterior cingulate cortex. This brain 

representation was consistent when the stimulation was presented to either paw. Our data 

show that in the healthy condition, S1 displays graded BOLD responses with the intensity of 

the tactile stimulus. While it is possible that this may indicate a general shift in attention due 
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to a startle response, this result is also consistent with the idea that neural activity in S1 has a 

principal role in innocuous cutaneous sensory-discriminative processing. According to the 

traditional view of pain, which posits that BOLD activity in SI encodes a discriminative 

component of pain [3; 14; 47] and the general hypothesis that tactile allodynia reflects low-

threshold Aβ fibers gaining access to spinal nociceptive neurons, we expected S1 to exhibit 

a low response to innocuous stimuli and a larger response to similar stimuli during tactile 

allodynia. However, we found that the S1 response magnitude after nerve injury remained 

equivalent to that evoked by identical stimuli prior to the injury. This result implies that the 

presence or absence of nociceptive input is not a main determinant of S1 activation after 

neuropathic injury. This result is not as clear in current pain research in humans, where 

concurrent activation of S1 during acute pain is prevalent [3]. For example, a term based 

meta-analysis (www.neurosynth.org) identifies that the S1 leg/foot region in the right 

hemisphere exhibits a z-score of 8.0 for the reverse inference of the term “pain” (N = 420 

studies, without correcting for variations of body site stimulated, and >90% of identified 

studies being done in healthy subjects for acute pain). Consistently, in a phase-encoded 

human fMRI experiment, the nociceptive S1 map was found to be precisely aligned with 

tactile maps obtained by innocuous somatosensory stimuli of the hand [34]. Our experiment, 

on the other hand, differs from these in that our allodynia paradigm was designed to 

dissociate stimulus magnitude from pain. In this way, the activity we observed in S1 is 

consistent with the idea that S1 encodes stimulus magnitude separately from pain. This 

parralels a recent study showing S1 diminished pain-related activity following the transition 

to a chronic pain state [22], and is in line with the observation that nociceptive input to S1 is 

sparse, as there have been no cortical columns found to be nociceptive-specific [25; 26].

The present behavioral results show that tactile allodynia is clearly present 5 days after 

neuropathic injury, yet related brain activity was only detected 28 days after injury and 

localized primarily in the prefrontal (mPFC, OFC), striatum (especially NAc) and SII/Insula 

areas. In two previous studies, we have reported resting state functional connectivity changes 

in a similar longitudinal study after SNI injury in rats under anesthesia [6; 15]. There is 

temporal consistency across all three studies, as they all show that tactile allodynia, as well 

as whole-brain functional connectivity, NAc functional connectivity, and decreases in gene 

expression levels of NAc dopamine 1A, 2, and kappa-opioid were all observable in the brain 

only 28 days after neuropthic injury. Together these results suggest that macroscopic brain 

reorganization is a consequence of pain behavior established weeks prior. However, cellular 

changes are observable far earlier, with upregulated gene expression covariance, and robust 

changes in electrophysiology and cell morphology in the nucleus accumbens [41; 43] 

occuring as soon as 5 days after SNI. Thus, corticolimbic brain circuitry seems to undergo 

large changes at the cellular level within days after induction of SNI, yet the imprint of these 

changes may not be large enough to be observed in fMRI scans and requires further 

elaboration until it becomes evident at about 1 month after SNI injury.

The brain areas linked with tactile allodynia in the current study are critical components of 

mesolimbic circuitry. The mPFC, for example, has been heavily implicated in the formation 

of subjective pain perception and experience related to incoming sensory stimuli [4; 7; 18; 

27]. Marked morphological and functional changes of neurons in mPFC are found in rats 

with neuropathic pain [35]; and optogenetic stimulation of mPFC relieves tactile allodynia 
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of neuropathic pain [29], as well as anxiety-like behaviours in mice with chronic 

inflammatory pain [51]. Moreover, the increased excitability of mPFC decreases reward-

seeking behavior and interferes with striatal dopamine signaling [20]. Although our contrast 

maps generally indicate an overall decreased BOLD signal in the areas associated with 

tactile allodynia, the temporal patterns of BOLD within both NAc and OFC are similar to 

those reported in chronic pain patients during acute painful stimulation [8; 11], especially 

for the NAc, which also correlated to shifts in emotional valuation for thermal painful 

stimuli in relation to the patients’ ongoing back pain [8]. In addition, in our own literature 

search on tactile allodynia, 9 out of 15 neuroimaging studies reported marked changes of 

activity in the prefrontal cortex. Taken together with the present study and the accumulating 

evidence that shows a critical role of mesocorticolimbic circuitry in pain chronification [5], 

we conclude that a shift in emotional valuation and motivation circuitry, rather than sensory 

encoding circuitry, underlies tactile allodynia.

While our results show that abnormal activity in prefrontal areas and NAc is a marker of 

allodynia, caution should be made when interpreting the negative BOLD signal. The 

existence of the negative fMRI BOLD response has been studied for quite some time [1; 48]; 

yet, to date, its origins remain elusive. Numerous hypotheses have been proposed to account 

for its occurrence [28; 31; 36; 45; 50]. In conditions when inhibitory circuits are involved, 

the negative BOLD response could be due to the impact of inhibitory postsynaptic potentials 

(IPSPs) on blood flow; as a result, BOLD activity may be reduced below the baseline level 

in response to particular stimuli. However, it is also possible that brain areas showing a 

negative BOLD response actually have an increased neuronal activity during the stimulation, 

but for some reason these brain areas do not receive a corresponding increase in their blood 

oxygenation. It is not know whether negative BOLD response is simply the inverted 

neurophysiological fingerprint of the positive response [37]. This having been said, and 

despite the inherent limitations of fMRI, this study highlights the brain regions of SNI rats 

where there is an abnormal response to a normally innocuous stimulus. This is a critical step 

towards understanding the brain mechanisms of tactile allodynia. The precise characteristics 

of how mesocorticolimbic reorganization is involved in tactile allodyia remain to be 

uncovered.

Finally, brain data from conscious animals is key to establishing a useful translational link to 

human brain function, especially in pain processing where consciousness is necessary for the 

pain experience. There are many challenges in collecting such data, such as excessive 

movement during scans, and the stress induced during acclimation, which can induce 

unintended physiological effects [32]. However, we have recently shown that, with proper 

intstrumental setup and acclimation to the scanning environment [16], animals can remain 

conscious, still, and feel comfortable during fMRI under minimal stress, entirely without the 

use of anesthesia. This data is critical to pain research, and we urge others to further improve 

upon current methods so that the most accurate assessment of conscious pain processing can 

be captured in the animal brain.

To summarize, this study demonstrates that the BOLD response in S1 encodes 

somatosensory stimulus intensity, and does not display a specific dependence upon 

nociception following a neuropathic injury. Additionally, we show that the presence of 
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tactile allodynia in persistent neuropathic pain may be associated with a shift of brain 

responses towards neural circuits that regulate the affective and motivational components of 

pain.
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Figure 1. Experimental design
(a) Twenty-two rats were included in the study and imaged 2 days before the surgery as 

baseline. Rats were then randomized and underwent peripheral neuropathic (SNI, N = 12) 

and sham (N = 10) surgeries, and imaged again at 5 and 28 days post surgery. Tests for paw 

withdrawal threshold were performed the day before each scan. (b) SNI rats displayed tactile 

allodynia for stimuli applied to the neuropathic injured paw, at 5 and 28 days after surgery. 

No significant change in paw withdrawal threshold was observed in the healthy paw in either 

SNI or sham rats. (c) fMRI scan with periodic air-puff stimulation had 6 repetitive stimulus 

blocks. Each block consisted of stimulation alternated with 8sec-off/12sec-on/30sec-off. (d) 
fMRI scans were conducted when rats received 1g or 3g air-puffs to left (injury site) or right 

(healthy) paw. The 4th condition was expected to produce allodynia behavior after SNI 

surgery.
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Figure 2. Brain representation of tactile stimulation in healthy rats prior to injury
(a, b) Group average maps in response to unilateral left (a) and right (b) paw stimulation 

(one-sample t-test, with voxel-wise cluster threshold of Z > 2.58 and cluster significance 

threshold of p < 0.05; N = 19 for left paw, N = 20 for right paw, corrected for multiple 

comparisons). Group-averaged maps are displayed as statistical t-values overlaid on 

corresponding T2-weighted anatomical images. Color bars represent the range of t-values. 

The distance from the Bregma in mm is shown at the bottom. (c) Percent signal changes 

over time in the corresponding contralateral SIHL are shown. Abbreviation: SIHL – primary 

sensory cortex hind limb region, SII – secondary sensory cortex, Tha – thalamus, ACC – 

anterior cingulate cortex, Ins – insular cortex, and CPu – caudate putamen.
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Figure 3. Activity in somatosensory cortex (SIHL) reflects stimulus intensity independently of 
neuropathic injury
(a) Brain areas exhibiting stronger response to 3g than 1g air-puffs applied to the left hind 

paw at baseline (paired-t test, with voxel-wise cluster threshold of Z > 2.58 and cluster 

significance threshold of p < 0.05 corrected for multiple comparisons; N = 19). Only 

contralateral S1HL and ACC encode stimulus intensity at baseline. The distance from the 

Bregma in mm is shown at the top right. Abbreviations same as in figure 2. (b) Magnitude of 

the BOLD signal in the contralateral SIHL to left paw stimulation in SNI and sham rats 

display increased activity with increased stimulus intensity, despite one of the air-puffs being 

above SNI’s paw withdrawal threshold at day 28 post-surgery. Abbreviation: b – baseline, 

day5 – 5 days post-surgery, day28 – 28 days post-surgery, and also refer to abbreviations in 

Figure 2.
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Figure 4. Brain activity associated with tactile allodynia
(a) Group difference in brain activity between day 28 and baseline in response to 3g air-puff 

stimulation on the injured paw in the SNI rats (paired t-test, with voxel-wise cluster-forming 

threshold of Z > 2.3 and cluster significance threshold of p < 0.05 corrected for multiple 

comparisons; N =7). (b) BOLD magnitude of NAc in SNI and sham rats is significantly 

different between the groups over time. (c) BOLD signal of NAc in SNI rats to the identical 

stimulation at baseline and 28 days post-surgery. (d) BOLD magnitude of OFC in SNI and 

sham rats is significantly different between the groups over time. (e) BOLD signal changes 

in OFC of SNI rats to the identical stimulation at baseline and 28 days post-surgery. 

Abbreviation: mPFC – medial frontal cortex, OFC – orbital frontal cortex, NAc – nucleus 

accumbens, b – baseline, day28 – 28 days post-surgery and also refer to abbreviations in 

Figure 2.
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