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Abstract

Functional magnetic resonance imaging (fMRI) in rodents enables non-invasive studies of

brain function in response to peripheral input or at rest. In this study we describe a thermal

stimulation paradigm using infrared laser diodes to apply noxious heat to the forepaw of

mice in order to study nociceptive processing. Stimulation at 45 and 46°C led to robust

BOLD signal changes in various brain structures including the somatosensory cortices and

the thalamus. The BOLD signal amplitude scaled with the temperature applied but not with

the area irradiated by the laser beam. To demonstrate the specificity of the paradigm for as-

sessing nociceptive signaling we administered the quaternary lidocaine derivative QX-314

to the forepaws, which due to its positive charge cannot readily cross biological mem-

branes. However, upon activation of TRPV1 channels following the administration of capsa-

icin the BOLD signal was largely abolished, indicative of a selective block of the C-fiber

nociceptors due to QX-314 having entered the cells via the now open TRPV1 channels.

This demonstrates that the cerebral BOLD response to thermal noxious paw stimulation is

specifically mediated by C-fibers.

Introduction

Functional magnetic resonance imaging (fMRI) in animals enables non-invasive studies of

brain function, e.g. involving the sensory system. Electrical stimulation is a widely used stimu-

lation paradigm for such studies [1–5] and has recently been applied to analyze sensory and

nociceptive processing in mice [6,7]. However, electrical stimulation is not physiological and

faces some drawbacks: 1) needle electrodes are inserted subcutaneously into the skin, inducing

a stimulus even in the absence of an electric current. 2) The stimulus strength is determined by

the local current density, which depends on the (relative) placement of the electrodes. 3) The

electrical current may activate the neurons directly instead of only inducing a peripheral

PLOSONE | DOI:10.1371/journal.pone.0126513 May 7, 2015 1 / 14

OPEN ACCESS

Citation: Bosshard SC, Stuker F, von Deuster C,

Schroeter A, Rudin M (2015) BOLD fMRI of C-Fiber

Mediated Nociceptive Processing in Mouse Brain in

Response to Thermal Stimulation of the Forepaws.

PLoS ONE 10(5): e0126513. doi:10.1371/journal.

pone.0126513

Academic Editor: Simon Beggs, Toronto University,

CANADA

Received: December 1, 2014

Accepted: March 17, 2015

Published: May 7, 2015

Copyright: © 2015 Bosshard et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in any

medium, provided the original author and source are

credited.

Data Availability Statement: All data are available

through Dryad with the following DOI: http://dx.doi.

org/10.6084/m9.figshare.1368310.

Funding: MR received a Swiss National Science

Foundation Grant (141202). The funders had no role

in study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing Interests: The authors have declared

that no competing interests exist.



stimulus, which then would lead to the activation of neurons. In view of these potential draw-

backs, at the aim of this study was to establish a more physiological stimulation paradigm with

better controllable parameters using an infrared laser to induce noxious stimulation by local

heating of the forepaws. Thermal stimulation in mouse fMRI should provide a powerful tool to

investigate various pathologies and mechanisms of pain disorders, taking advantage of the

many available transgenic mouse models. It has the additional benefit of being a translational

method, as laser heat stimulation has also been used in clinical fMRI studies [8]. This protocol

led to reproducible changes in the blood oxygen level dependent (BOLD) signal intensity in the

various brain areas including those associated with pain processing, with signal amplitudes in-

creasing as a function of skin temperature.

Pain perception caused by heat is mediated by receptors of the transient receptor potential

(TRP) family, the most important being the vanilloid receptor TRPV1, which is activated by

temperatures of 42°C and above [9] and located on C-fiber afferents [10]. Other members of

the TRP family respond to similar (TRPV3, activation threshold: 33–39°C) or higher (TRPV2,

activation: 52°C) temperatures [11,12]. TRPV2 channels were reported to activate thinly mye-

linated Aδ-fibers [13,14], whereas TRPV3 channels are only located in keratinocytes in mice

[12], but not in dorsal root ganglia (DRGs).

To demonstrate the specificity of the paradigm for assessing nociceptive signaling we ap-

plied the quaternary lidocaine derivative QX-314 (lidocaine N-ethyl chloride) to the forepaws

prior to thermal stimulation. QX-314 carries a positive charge and is therefore not able to cross

cell membranes. The compound has no effect on sodium channels when applied extracellular-

ly, but was found to block sodium channels when administered intracellularly, leading to local

anesthesia [15–18]. Binshtok and colleagues established a method to selectively block nocicep-

tive signaling by activating TRPV1 channels [19]. Also known as capsaicin receptor, TRPV1 is

located on C-fiber nociceptors and activated by a wide range of physical and chemical stimuli,

among them capsaicin [9]. Capsaicin activates and opens the TRPV1 channel, allowing the

QX-314 molecule to enter the cell and block the sodium channels by binding to a specific site

located at its intracellular domain, inhibiting the propagation of action potentials [19]. In this

fMRI study we showed that pretreating mice with QX-314 in combination with capsaicin led

to abolishment of the BOLD fMRI signal elicited by thermal stimulation, while administration

of either compound alone did not affect the signal amplitude.

Methods

Animal Preparation

All experiments were performed in accordance with the Swiss law of animal protection. The

protocol was approved by the veterinary office of Zurich, Switzerland (Permit number ZH

173–2008, ZH 187–2011).

20 female C57Bl/6 mice weighing 22 ± 3 g were anesthetized with isoflurane (induction

2–3%, maintenance 1.2% in a 70% air—30% oxygen mixture; Abbott, Cham, Switzerland),

endotracheally intubated and mechanically ventilated (90 breaths/minute, respiration cycle:

25% inhalation, 75% exhalation; MRI-1, CWE, Ardmore, PA, USA) throughout the entire ex-

periment. This ensured maintenance of stable physiology reflected by measurements of heart

rate and blood oxygenation, which was monitored using a MR-compatible infrared sensor

(MouseOx Pulse Oximeter, Starr Life Sciences, Oakmont, PA, USA) in n = 20 animals, which

were complemented by assessment of blood pCO2 levels as controlled by a transcutaneous elec-

trode (TCM4, Radiometer, Copenhagen, Denmark), which was placed on the shaved upper

hind limb of the mouse to measure blood gas levels (pCO2) in n = 16 of these 20 animals. A rec-

tal temperature probe (MLT415, AD Instruments, Spechbach, Germany) was inserted to
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control and keep the body temperature at 36.5 ± 0.5°C, which was maintained using a warm-

water circuit integrated into the animal support (Bruker BioSpin AG, Fällanden, Switzerland).

Animals were paralyzed by intravenous (i.v.) administration of a neuromuscular blocking

agent (Pancuronium bromide, 1.0–1.5 mg/kg; Sigma-Aldrich, Steinheim, Germany), which

avoided interference by spontaneous breathing and prevented movement artifacts during the

fMRI experiments despite the low isoflurane levels. Non-invasive monitoring of the mice

showed stable physiology throughout the experiments. Body temperature was kept stable at

36.5 ± 0.5°C throughout the experiment. Heart rate was stable around 500 beats per minute in

all animals monitored and did not change during stimulation (n = 10, nexp = 19). Arterial oxy-

gen saturation was> 97% and pCO2 levels were in the range 35–40 mmHg indicating a well-

adjusted ventilation of the animals [20]. After completion of the fMRI experiments, the animals

recovered fast and were able to be used for further experiments, after a resting period of at least

2 weeks.

Experimental Groups

For the implementation and optimization of the thermal stimulation paradigm three conditions

were evaluated:Group 1 Stimulation at 45°C using a 2 mm diameter laser spot (nanimals = 10,

nscans = 19). Group 2 Stimulation at 46°C using a 2 mm diameter laser spot (nanimals = 6, nscans =

11). Group 3 Stimulation at 46°C using a laser spot of 1 mm in diameter (nanimals = 6, nscans = 12).

Higher temperatures were not used in order to avoid skin burns.

Pharmacological modulation of the thermal stimulation was used to evaluate the specificity

of the protocol. For optimal sensitivity, parameters prompting a robust BOLD signal were

used (corresponding to 45°C using a 2 mm diameter laser spot). Again three groups of animals

were studied: Group 4 Animals receiving an injection of 10 μl of a solution containing 67 mM

QX-314 and 1.6 mM capsaicin locally into the left and right forepaw 80 and 100 min before

thermal stimulation, respectively (nanimals = 7, nscans = 14). The mixture was prepared from

stock solutions of 5 μl QX-314 (134 mM, lidocaine N-ethyl chloride, Sigma-Aldrich, Steinheim,

Germany) dissolved in 0.9% NaCl and 5 μl capsaicin (3.3 mM, Sigma-Aldrich, Steinheim,

Germany) dissolved in ethanol and diluted with 0.9% NaCl.

Two control groups were used: Group 5 Animals receiving 10 μl of 67 mM QX-314 in 0.9%

NaCl into the left and right forepaw 80 and 100 minutes prior to thermal stimulation, respec-

tively (nanimals = 3, nscans = 6), and Group 6mice receiving10 μl solution containing 1.6 mM

capsaicin dissolved in ethanol and 0.9% NaCl into the left and right forepaw 80 and 100 min-

utes before stimulation (nanimals = 3, nscans = 6).

To minimize the number of animals being used in this study, we reused all animals from

groups 1, 2 and 3 for further experiments. After a recovery period lasting at least two weeks,

they were used for a second experiment in either group 3, 4, 5 or 6.

Thermal Stimulation

Thermal stimulation was performed using a custom built stimulation device consisting of two

8Watt infrared laser diodes operating at 975 nm (BMU8_975_01_R, Oclaro, San Jose, CA,

USA), which were connected to 5 m glass fibers (Thorlabs Inc., München, Germany) and guid-

ed into the Faraday cage of the scanner through cylindrical radiofrequency stacks. The power

output of the laser was regulated by a custom built power supply (Meerstetter Engineering

GmbH, Rubigen, Switzerland). Two types of cubes made from black Perspex with a small hole

drilled in the center (1 or 2 mm) were mounted on the SMA connector at the end of the glass fi-

bers, allowing choosing between two different diameters of the laser spot (1 or 2 mm) (Fig 1B).

In addition, a temperature probe was placed next to the hole to record the temperature of the
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paw (Fig 1B). The temperature probe was connected to a thermoelement (P600, Dostman Elec-

tronic, Wertheim-Reicholzheim, Germany). A homebuilt proportional-integral-derivative

(PID) controller was used as a feedback control, regulating the laser power supply in order to

maintain the temperature measured at the paw at the set target temperature. On/off cycles as

Fig 1. Thermal stimulation setup. (a) Scheme of setup of the laser stimulation with feedback loop for temperature control. (b) Close-up view of the cube for
paw fixation made from black Perspex. Two hole diameters were used, enabling irradiation at spot sizes of 1 and 2mm, respectively. The thermocouple used
for temperature monitoring was positioned immediately adjacent to the irradiated area of the paw. (c) Temperature profiles during stimulation, recorded at the
mouse forepaw for three different animals. Target temperature of 45 ± 0.5°C was reached for at least 30 s. d) Experimental protocol for fMRI studies.

doi:10.1371/journal.pone.0126513.g001
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defined by the stimulation paradigm were controlled from a physiological monitoring device

(Powerlab, ADInstruments, Spechbach, Germany), sending a trigger pulse to the PID control-

ler (Fig 1A).

The stimulation paradigm consisted of a block design starting with a resting period of 120 s

(off, baseline) followed by 60 s of stimulation (on). This series was repeated four times and

fMRI data acquisition was continued for another seven minutes after the last stimulation

block. A stimulation experiment was considered successful if the target temperature at the paw

was maintained for at least 30 s with an accuracy of ± 0.5°C. Stimulation started with the left

paw in all animals. Following a resting period of 8 minutes, the right paw was stimulated.

The feedback controlled temperature regulation of the laser worked reliably for both spot di-

ameters. On average, the target temperature was reached after 20–25 s and maintained for the

remainder of the stimulation period with a maximal variation of ± 0.5°C (Fig 1C). Only 2 out

of 64 scans had to be discarded because the target temperature could not be reached within

30 s.

MRI Equipment and Sequences

All experiments were carried out on a Bruker BioSpec 94/30 small animal MR system (Bruker

BioSpin MRI, Ettlingen, Germany) operating at 400 MHz (9.4 Tesla). For signal transmission

and reception a commercially available cryogenic quadrature RF surface probe operating at 30

K was used (Bruker BioSpin AG, Fällanden, Switzerland) [21]. The ceramic outer surface of the

coil touching the mouse head was kept at 30°C using a temperature-controlled heating device.

Anatomical reference images in coronal and sagittal directions (slice orientations are given

using the nomenclature of the mouse brain atlas [22]) were acquired using a spin-echo (Turbo-

RARE) sequence (for detailed parameters see [6]). Subsequently, the slices for the fMRI experi-

ment were planned on the anatomical reference images and BOLD fMRI data were acquired

using a gradient-echo echo planar imaging (GE-EPI) sequence with the following parameters:

Five coronal slices covering a range of 2 to 5 mm anterior to the interaural line were recorded

with a field-of-view FOV = 23.7 x 12.0 mm2, matrix dimension MD = 90 x 60 (acquisition) and

128 x 64 (reconstruction), yielding an in-plane resolution of 200 x 200 μm2, slice thickness

STH = 0.5 mm, interslice distance ISD = 0.7 mm (0.2 mm gap between slices). For the optimi-

zation experiments (1) and (2), values for repetition time TR = 2500 ms, echo time TE = 8.5

ms, number of averages NA = 3, and number of repetitions NR = 152 were used, resulting in

an image acquisition time of 7.5 seconds. For all remaining experiments, the parameters were

as follows: TR = 1000 ms, TE = 8.5 ms, NA = 1 and NR = 1140, resulting in a temporal resolu-

tion of 1 second. All fMRI acquisitions lasted 19 min. The slices were placed based on anatomi-

cal landmarks, which allowed reproducible positioning and images in all animals.

Data Analysis and Statistics

Data analysis was performed using the Biomap software program (M. Rausch, Novartis Insti-

tute for Biomedical Research, Switzerland). No preprocessing or normalization of the image

data were carried out. Statistical t-maps were calculated using the general linear model (GLM)

tool, which assesses correlations on a voxel-by-voxel basis between the fMRI signal train and

the stimulation paradigm. Activation was detected using a statistical threshold of p = 0.0001

for all experiments and a minimal cluster size of 15 voxels. The respective regions-of-interest

(ROIs) derived from the GLM analyses were used to extract the BOLD signal changes as a func-

tion of time. In cases for which the correlation analysis revealed no activated voxels at the ex-

pected locations, ROIs were transferred from the mouse brain atlas [22]. Data analysis was

performed for the key regions of nociceptive processing: the primary and secondary
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somatosensory cortices (S1, S2), and the thalamus. In addition to these regions, a control re-

gion not involved in nociceptive processing was evaluated.

GLM-derived activation patterns (EPI images covering the S1 area (IAL +3.7 mm)) were

used for group analysis [6]. The EPI images were normalized to the coordinate system of the

mouse brain atlas [22]. The fMRI coordinates were defined as followed: the origin of the right-

hand coordinate system was chosen at the ventral end of the brain midline through the coronal

sections. The second reference point was the dorsal end of the same midline, while the third

point was placed on the edge of the right hemisphere at its widest point. The coordinate axes

were defined along the midline (y-axis) and perpendicular to it (x-axis). The axes were then

scaled to fit the dimensions of the mouse brain atlas, using an IDL-based software developed

in-house [23].

Comparative statistics was performed taking the maximal BOLD value of the first stimula-

tion period of each animal (Origin 7.5, OriginLab Corp., Northampton, MA, USA). Values

were not normally distributed and therefore tested at the α = 0.05 level using the non-paramet-

ric Kruskal-Wallis test followed by the post hoc Bonferroni test (comparison between different

groups). All values are presented as mean ± SEM.

The decay rate of the BOLD signal, obtained by single exponential fitting of the first 40 s fol-

lowing the end of the first stimulation period, was correlated with the amount of heat to be dis-

sipated. The heat deposited in tissue that had to be dissipated, was estimated according to

∆Q = cp � ∆T � ρ � (π � r2) � d with cp = heat capacity, ∆T = temperature difference of Tmean-

Tthresh and r = spot radius. Tthresh is the temperature required to elicit a pain response (42°C).

The heat capacity of tissue was assumed cp = 4 [J�K-1
�g-1], the density ρ = 1 g/cm3 and the

thickness of the affected tissue d = 0.5 mm. As these parameters appear as linear factors in the

heat equation, any errors in estimation will not affect the accuracy of the fit, just the scaling of

the abscissa.

Results

BOLD Signal Changes Correlate with the Thermal Stimulation Paradigm

Thermal stimulation of the forepaws led to consistent BOLD responses in various brain regions

including the S1 and S2 somatosensory cortices (Fig 2A) and the thalamus. The signal changes

correlated well with the stimulation pattern and intensity (Fig 2A and 2B). The image and sig-

nal quality was high even when increasing the temporal resolution to 1 second.

The maximal BOLD signal change at 45°C was 2.8 ± 0.5% in the S1 area contralateral to the

stimulated paw and 1.8 ± 0.4% in the thalamus. At 46°C, the maximal BOLD signal changes in

the contralateral S1 area were 4.4 ± 0.9% and 4.1 ± 0.6% for the laser spots of 2 mm and 1 mm

in diameter, respectively. The corresponding maximal BOLD signal changes in the thalamus

were 3.3 ± 1.0% (2 mm diameter) and 3.1 ± 0.6% (1 mm diameter) (Fig 2C). The BOLD ampli-

tude was influenced by the stimulation temperature, but not by the diameter of the laser spot

(Fig 2C). On the other hand it was found that the decay rate of the BOLD signal following the

stimulation interval increased with increasing spot diameter. An excellent correlation (R2 =

0.9876) was observed between the rate of post-stimulus BOLD signal decay and the amount of

noxious heat (assuming threshold temperatures of Tthresh = 42°C or 43°C, respectively) deposit-

ed in the tissue (Fig 2D).

Nociceptive Block Induced by QX-314 and Capsaicin

The group analysis of all animals reflects the BOLD signal changes after thermal stimulation

and treatment with QX-314 and/or capsaicin. The activity maps show the main activation ap-

pearing in the S1 area after stimulation of both paws at 45°C (Fig 3). Pretreatment with QX-
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314 combined with capsaicin only led to cortical activation in two of 14 scans (Fig 3D). Pre-

treatment of either compound alone did not diminish the activation, but rather increased the

activated areas in the brain, though the effects were not significant.

Combined application of the lidocaine derivative QX-314 and capsaicin led to a decreased

BOLD activation detected in the brain (S1: 0.6 ± 0.3%, p = 0.01; thalamus: 0.5 ± 0.2%, p = 0.08;

Figs 3D, 4) indicative of a specific inhibition of neuronal signal transmission via C-fibers. This

inhibitory effect was not observed in the control experiments with either compound applied

separately. Administration of QX-314 alone led to a maximal BOLD signal change of

4.9 ± 0.7% in the S1 (nscans = 6, Figs 3B, 4), which was not significantly different from the

Fig 2. BOLD signal changes induced by thermal stimulation. (a) Anatomical MR image (top panel) with overlay of respective section frommouse brain
atlas (IAL +3.7 mm). Regions relevant for pain processing are indicated (SI: primary somatosensory cortex, forepaw region; MI: primary motor cortex; CGC:
cingulated cortex) and representative EPI image (second panel). Combined group activation maps after left and right thermal forepaw stimulation of 45
(nscans = 19, third panel) and 46°C (nscans = 12, bottom panel) show activated regions derived from GLM analysis (p = 0.0001, cluster size 15 voxels) for all
animals overlaid on the mouse brain atlas. The scale bar indicates the percentage of animals showing significant BOLD activation at the given threshold. (b)
Mean temporal BOLD profile of the somatosensory cortex (S1; red with error bars) and thalamus (dashed gray; without error bars) contralateral to the
stimulated paw (nscans = 12, orange). Stimulation parameters: 46°C, 1 mm. Grey shaded blocks indicate stimulation periods. Arrow indicates amplitude
measure for quantitative analysis (for somatosensory cortex S1). (c)Maximum BOLD signal amplitude of first stimulation period for S1 and thalamus for
T = 45°C/2 mm, T = 46°C/2 mm, and T = 46°C/1 mm. (d) Decay rate of BOLD signal as a function of heat dissipated. There is a linear correlation between the
decay rate and the amount of ‘noxious`heat (Tthresh = 42°C, R2 = 0.988, open symbols) and (Tthresh = 43°C, R2 = 0.974, filled symbols) deposited in the tissue.
All values are given as mean ± SEM.

doi:10.1371/journal.pone.0126513.g002
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untreated animals (p = 0.15), but significantly different from the combination treatment capsa-

icin plus QX-314 (p = 0.0002, nscans = 14, Figs 3D, 4). The maximum BOLD intensity of the

thalamus after treatment with QX-314 alone (4.0 ± 0.5%) was significantly different compared

with untreated mice (p = 0.02) and different from values obtained with the combination treat-

ment (p = 0.0001) (Fig 4). Application of capsaicin alone led to maximal BOLD signal changes

of 5.1 ± 0.8% and 4.0 ± 0.7% in the S1 and thalamus respectively, which were both significantly

larger than the corresponding values measured after combined treatment (p = 0.0002 and

p = 0.0009, respectively, nscans = 6, Figs 3C, 4). However, compared with the untreated animals,

only the BOLD response in the thalamus showed a significant increase (p = 0.02), while the re-

sponse in the S1 area was not different (p = 0.08; Fig 3A).

Discussion

fMRI has become an important and widely used tool in animal research, as it allows non-inva-

sive monitoring of brain functions in large brain volumes. Multiple studies in humans and in

rodents have shown a good correspondence of the noxious-evoked activation patterns detected

by fMRI and the network of the pain matrix [6,7,24–28]. It is apparent that activated regions

Fig 3. Pretreatment with capsaicin and QX-314 abolishes BOLD response. Activation maps and BOLD signal profiles after left and right thermal forepaw
stimulation at 45°C. (a) Control condition, thermal stimulation of naïve animals. The white outline indicates the area used for extracting BOLD signal profiles.
(b) After pretreatment with QX-314 (nscans = 6); (c) after pretreatment with capsaicin (Cap, nscans = 6,); and (d) after pretreatment with QX-314 and capsaicin
(nscans = 14). Images show activated regions derived from GLM analysis (p = 0.0001, cluster size 15 voxels) for all animals overlaid on the mouse brain atlas.
The scale bar indicates the percentage of animals showing significant BOLD activation at the given threshold. Profiles show BOLD response for individual
treatments (red). For reference, the profiles of control (naïve) animals are indicated in dark grey. (b-d). All values are given as mean ± SEM.

doi:10.1371/journal.pone.0126513.g003
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comprised the somatosensory S1 and S2, motor M1, the cingulate cortex, as well as thalamic

nuclei. However, one has to keep in mind that due to the hemodynamic nature of the signal,

the activated areas may not be tightly confined to the functional brain structures but include

areas covered by draining vessels, which renders a strict allocation difficult. Furthermore, we

observed a strict bilaterality of the fMRI response to unilateral sensory input with contra- and

ipsilateral somatosensory cortices showing essentially identical BOLD signal changes in line

with earlier reports [6,7]. A recent study comparing four different anesthesia paradigms has

shown that sensory input, such as electrical stimulation of the hind paw, prompts a systemic

hemodynamic response in anesthetized mice that may overrule the cerebral autoregulation and

induce widespread bilateral activation patterns that comprise the elements of the pain matrix

[29]. While this inevitably will limit the spatial specificity of the cerebral fMRI response, it will

nevertheless allow assessing the changes in the BOLD signal upon modulation of the peripheral

input.

A crucial point that needs to be considered, also in view of translational studies, is the use of

anesthetics in animal fMRI. In contrast to human fMRI studies, where the subjects typically are

Fig 4. Pretreatment with capsaicin and QX-314 abolishes BOLD response. (a)Maximum BOLD signal changes of the S1 contralateral to the stimulated
paw and the thalamus. Pretreatment with QX-314 and capsaicin (Cap) led to an abolishment of the BOLD signal, while treatment with either substance alone
did not decrease the BOLD signal change. All values are given as mean ± SEM. For clarity, only p-values for the S1 region are displayed. All p-values are
given in the text.

doi:10.1371/journal.pone.0126513.g004
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conscious, most animal studies are performed in anesthetized animals in order to reduce mo-

tion artifacts and stress. All commonly used anesthetics in animal studies have one or more ef-

fects on neuronal metabolism, CBF, neurovascular coupling or sensory perception [30–33].

Artificial ventilation and paralyzing the animal with a neuromuscular blocking agent allowed

maintaining stable physiological conditions and prevented motion artefacts when working at

relatively low concentrations of isoflurane. At these levels (1.2%) we assume minimal antinoci-

ceptive efficacy as well as preserved neurovascular coupling [34,35]. The robust and sensitive

BOLD signal changes observed confirm the suitability of the applied anesthesia protocol.

In imaging in general and in fMRI in particular, there is a trade-off between sensitivity (i.e.

signal-to-noise ratio, SNR), temporal resolution and spatial resolution. In this study we have

optimized a protocol [6] to improve temporal resolution from 7.5 s to 1 s, while maintaining

spatial resolution and only minimally compromising SNR in order to be sensitive enough to

detect signal changes of only a few percent. Increasing temporal resolution to 1 s is essential for

better characterizing the hemodynamic response elicited by the stimulus and for enhancing the

correlation with the stimulus.

In contrast to electrical stimulation, thermal stimulation constitutes a physiological stimu-

lus, which directly activates the nociceptive system. Temperature exceeding a threshold value is

a noxious stimulus, which can be well controlled by adjusting parameters such as the target

temperature, spot diameter and stimulation duration. By choosing target temperatures of 45 or

46°C, we predominantly induce TRPV1-mediated activation of the neural system. TRPV1 re-

ceptors are activated at temperatures of 42°C and above, and the signal is transmitted via the

unmyelinated C-fiber afferents [10]. Activation of the Aδ-afferents would occur by activation

of the TRPV2 receptors, which have an activation threshold of 52°C [11], a temperature not

considered in our stimulation paradigm. Temperatures should be kept below 50°C to avoid any

skin damage on the paw. In view of our relatively long stimulation period, skin damage might

occur already at lower temperatures. Therefore all experiments were carried out at a tempera-

ture of 45°C, a temperature leading to a robust BOLD signal change of 2.8 ± 0.5% in the S1

area, which was sufficient for studying the pharmacological modulation of the response and

considered not to be harmful. None of the animals displayed signs of paw injury; hence the

mice could be used for more than one experiment, an important prerequisite for longitudinal

studies. The maximal BOLD signal changes were not comparable to two other mouse fMRI

studies, which measured brain activation upon thermal stimulation of the hindpaw, using Pel-

tier heating devices [36,37]. The reported BOLD signal changes of 0% at 45°C and 0.7% at 60°C

[36] were of much smaller amplitude than the ones observed in our study. The difference

might be due to the shorter stimulation period; however, the maximum BOLD signal change

observed in this study appeared shortly after reaching temperatures above 43°C. Another rea-

son could lie in the difference of the stimulation devices, as the contact heat delivers the heat

more widespread, while the laser beam was focused on one small spot of the paw, which could

lead to a difference in pain perception.

The temporal profile of the BOLD signal changes correlated well with the stimulation peri-

ods. The rise of the BOLD signal was slightly delayed with regard to stimulus onset, which was

due to the nature of the stimulus. The baseline temperature of the paw was typically around

31°C and on average it took 20 seconds to reach the target temperature of 45 or 46°C at the

paw. The time point at which heat starts to become noxious at 42–43°C was therefore only

reached approximately 10 seconds after stimulus onset (Fig 1).

The BOLD signal amplitude was influenced only by the target temperature, but not by the

spot diameter. However, the signal shape appeared to be influenced by the spot diameter used.

For the experiments performed with the 2 mm spot the signal was found to decay at a slower

rate and did not return to baseline levels within the 2 min resting period resulting in an
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underlying slow signal component as described earlier [6]. The temporal BOLD profile of the

experiment carried out using the 1 mm spot shows faster signal decay in the initial phase after

the stimulation, and the signal returns to baseline levels within 2 min. A good correlation was

found between the initial decay rate of the BOLD signal and the amount of noxious heat depos-

ited in the tissue. In general, profiles showed a biphasic decay pattern with a fast decrease of the

BOLD amplitude during the first 30 s after stimulation, followed by a slower decay or stable

signal, which might be due to hemodynamic effects [6]. Another characteristic feature of the

BOLD signal is the decrease in signal amplitude despite ongoing stimulation. This may be due

to adaptation as has been shown for dorsal root ganglia cells, which show a slow decrease in ac-

tivity over 2–3 s to continuous stimulation [13]. Alternatively, the effect may be attributed to a

decaying vasodilatory signal, which is subject to feedback regulation by CBF in response to a

prolonged neuronal stimulus [38,39]and which has also been observed in experiments using

electrical stimulation paradigms [6].

To verify the specificity of the BOLD signal readout for C-fiber mediated nociceptive pro-

cessing, we pharmacologically modulated the nociceptive signal transmission. Binshtok et al.

[19] demonstrated in a recent study that the cationic lidocaine analogue QX-314 was able to

enter neurons through opened TRPV1 channels. Inside the cells, QX-314 blocks the sodium

channels, thereby preventing the propagation of action potentials and inducing local anesthe-

sia. Opening of the TRPV1 channels can be achieved by administration of capsaicin, a highly

potent agonist. Since TRPV1 channels are only found on C-fiber afferents in the peripheral

nervous system [10], the entry of QX-314 will cause a C-fiber specific nociceptive block. In

contrast, uncharged local anesthetics such as lidocaine can penetrate all fiber types and upon

binding to sodium channels will lead to a transient sensory and motor inhibition [40,41]. Since

thermal stimulation predominantly activates C-fibers, we expected a significant decrease of the

BOLD signal after application of QX-314 in combination with capsaicin. Indeed, the BOLD

signal was almost totally abolished supporting the hypothesis that it reflects nociceptive pro-

cessing in mice.

The anesthetic properties of QX-314 are somewhat controversial. While several studies re-

ported the compound not being able of passing the cell membrane and thus of no anesthetic ef-

ficacy [15,16,19,42]other studies report an anesthetic effect of QX-314 comparable to that of

lidocaine, but with a slower onset[43,44]. They attribute the possible cell entry of the com-

pound to the tonic activity of the TRPV1 channels [45], since application of the TRPV1 antag-

onist capsazepine prevents sensory blockade induced by QX-314 [43]. Our data demonstrating

inhibition of nociceptive transmission by QX-314 only in the presence of capsaicin, but not

when administered a single compound, are rather in line with the hypothesis of the compound

not penetrating neurons or entering them very slowly.

The application of either substance separately did not lead to a decrease of the BOLD signal.

In contrast, there was a trend towards an increase of the maximal signal amplitude. After cap-

saicin application this may be due to a sensitization effect since both capsaicin and noxious

heat act on the same receptors. It has been shown that direct activation of the TRPV1 receptor

may sensitize it to other stimuli [46]. The same may apply for the positively charged molecule

QX-314, as a study by Ahern et al. has shown that cations directly gate and sensitize TRPV1

channels [47]. A transient reduction of thermal response latency in rats after injection of either

67 mMQX-314 or capsaicin (1.6 mM) has also been reported [19].

In conclusion, in this study we describe the use of BOLD fMRI in mice to characterize noci-

ceptive processing elicited by thermal stimulation of the forepaws, which was shown to be a ro-

bust and physiological stimulation paradigm. Reproducible BOLD signals were observed in

brain areas attributed to nociceptive processing (S1 and S2, thalamus). The abolishment of

these signals after inhibition of nociceptive signaling demonstrates the specificity of the
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stimulation protocol and validates the BOLD readout as a response to noxious thermal stimu-

lation. The method is non-invasive and therefore provides a tool for longitudinal studies of no-

ciceptive processing in normal and genetically engineered mice e.g. to investigate mechanism

involved in hyperalgesia.

Author Contributions

Conceived and designed the experiments: SB MR. Performed the experiments: SB FS CvD AS.

Analyzed the data: SB. Contributed reagents/materials/analysis tools: SB FS CvD AS. Wrote

the paper: SB MR.

References
1. Adamczak JM, Farr TD, Seehafer JU, Kalthoff D, Hoehn M. High field BOLD response to forepaw stim-

ulation in the mouse. Neuroimage. 2010; 51: 704–712. doi: 10.1016/j.neuroimage.2010.02.083 PMID:
20211267

2. Ahrens ET, Dubowitz DJ. Peripheral somatosensory fMRI in mouse at 11.7 T. NMR Biomed. 2001; 14:
318–324. PMID: 11477652

3. Lilja J, Endo T, Hofstetter C, Westman E, Young J, Olson L, et al. Blood Oxygenation Level-Dependent
Visualization of Synaptic Relay Stations of Sensory Pathways along the Neuroaxis in Response to
Graded Sensory Stimulation of a Limb. J Neurosci. 2006; 26: 6330–6336. PMID: 16763041

4. Mueggler T, Baumann D, Rausch M, Staufenbiel M, Rudin M. Age-Dependent Impairment of Somato-
sensory Response in the Amyloid Precursor Protein 23 Transgenic Mouse Model of Alzheimer's Dis-
ease. J Neurosci. 2003; 23: 8231–8236. PMID: 12967984

5. Nair G, Duong TQ. Echo-planar BOLD fMRI of mice on a narrow-bore 9.4 T magnet. Magn Reson Med.
2004; 52: 430–434. PMID: 15282829

6. Bosshard SC, Baltes C, Wyss MT, Mueggler T, Weber B, et al. (2010) Assessment of brain responses
to innocuous and noxious electrical forepaw stimulation in mice using BOLD fMRI. Pain. 151: 655–
663. doi: 10.1016/j.pain.2010.08.025 PMID: 20851520

7. Bosshard SC, Grandjean J, Schroeter A, Baltes C, Zeilhofer HU, Rudin M. Hyperalgesia by low doses
of the local anesthetic lidocaine involves cannabinoid signaling: an fMRI study in mice. Pain. 2012;
153: 1450–1458. doi: 10.1016/j.pain.2012.04.001 PMID: 22575227

8. Weiss T, Straube T, Boettcher J, Hecht H, Spohn D, Miltner WH. Brain activation upon selective stimu-
lation of cutaneous C- and A[delta]-fibers. Neuroimage. 2008; 41: 1372–1381. doi: 10.1016/j.
neuroimage.2008.03.047 PMID: 18499480

9. Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. The capsaicin receptor: a
heat-activated ion channel in the pain pathway. Nature. 1997; 389: 816–824. PMID: 9349813

10. Nagy I, Rang H. Noxious heat activates all capsaicin-sensitive and also a sub-population of capsaicin-
insensitive dorsal root ganglion neurons. Neuroscience. 1999; 88: 995–997. PMID: 10336113

11. Caterina MJ, Rosen TA, Tominaga M, Brake AJ, Julius D. A capsaicin-receptor homologue with a high
threshold for noxious heat. Nature. 1999, 398: 436–441. PMID: 10201375

12. Peier AM, Reeve AJ, Andersson DA, Moqrich A, Earley TJ, Hergarden AC. A Heat-Sensitive TRP
Channel Expressed in Keratinocytes. Science. 2002; 296: 2046–2049. PMID: 12016205

13. Arendt-Nielsen L, Chen CAN. Lasers and other thermal stimulators for activation of skin nociceptors in
humans. Neurophysiologie Clinique/Clinical Neurophysiology. 2003; 33: 259–268. PMID: 14678840

14. Yarnitsky D, Sprecher E, Zaslansky R, Hemli JA. Heat pain thresholds: normative data and repeatabili-
ty. Pain. 1995; 60: 329–332. PMID: 7596629

15. Frazier DT, Narahashi T, Yamada M. The site of action and active form of local anesthetics. II. Experi-
ments with quaternary compounds. J Pharmacol Exp Ther. 1970; 171: 45–51. PMID: 5410937

16. Strichartz GR. The inhibition of sodium currents in myelinated nerve by quaternary derivatives of lido-
caine. J Gen Physiol. 1973; 62: 37–57. PMID: 4541340

17. Cahalan MD, Almers W. Interactions between quaternary lidocaine, the sodium channel gates, and te-
trodotoxin. Biophys J. 1979; 27: 39–55. PMID: 233568

18. Narahashi T, Moore JW, Poston RN. Anesthetic blocking of nerve membrane conductances by internal
and external applications. J Neurobiol. 1969; 1: 3–22. PMID: 5407037

19. Binshtok AM, Bean BP, Woolf CJ. Inhibition of nociceptors by TRPV1-mediated entry of impermeant
sodium channel blockers. Nature. 2007; 449: 607–610. PMID: 17914397

fMRI of Pain Processing in Mouse Brain Elicited by Thermal Stimulation

PLOS ONE | DOI:10.1371/journal.pone.0126513 May 7, 2015 12 / 14



20. Thal SC, Plesnila N. Non-invasive intraoperative monitoring of blood pressure and arterial pCO2 during
surgical anesthesia in mice. J Neurosci Meth. 2007; 159: 261–267. PMID: 16945419

21. Baltes C, Radzwill N, Bosshard S, Marek D, Rudin M. Micro MRI of the mouse brain using a novel 400
MHz cryogenic quadrature RF probe. NMR Biomed. 2009; 22: 834–842. doi: 10.1002/nbm.1396
PMID: 19536757

22. Franklin K, Paxinos G. The Mouse Brain in Stereotaxic Coordinates. San Diego: Academic Press.
1997.

23. Sydekum E, Baltes C, Ghosh A, Mueggler T, Schwab ME, Rudin M. Functional reorganization in rat so-
matosensory cortex assessed by fMRI: elastic image registration based on structural landmarks in
fMRI images and application to spinal cord injured rats. Neuroimage 2009; 44: 1345–1354. doi: 10.
1016/j.neuroimage.2008.10.015 PMID: 19015037

24. Manning BH, Morgan MJ, Franklin KB. Morphine analgesia in the formalin test: evidence for forebrain
and midbrain sites of action. Neurosci. 1994; 63: 289–294.

25. Davis KD, Taylor SJ, Crawley AP, Wood ML, Mikulis DJ. Functional MRI of pain- and attention-related
activations in the human cingulate cortex. J Neurophysiol. 1997; 77: 3370–3380. PMID: 9212281

26. Morrow TJ, Paulson PE, Danneman PJ, Casey KL. Regional changes in forebrain activation during the
early and late phase of formalin nociception: analysis using cerebral blood flow in the rat. Pain. 1998
75: 355–365. PMID: 9583772

27. Millan MJ. The induction of pain: an integrative review. Progr Neurobiol. 1999; 57: 1–164. PMID:
9987804

28. Casey KL. Forebrain mechanisms of nociception and pain: analysis through imaging. Proc Natl Acad
Sci U S A 1999; 96: 7668–7674. PMID: 10393878

29. Schroeter A, Schlegel F, Seuwen A, Grandjean J, Rudin M. Specificity of stimulus-evoked fMRI re-
sponses in the mouse: The influence of systemic physiological changes associated with innocuous
stimulation under four different anesthetics. Neuroimage. 2014; 94: 372–384 doi: 10.1016/j.
neuroimage.2014.01.046 PMID: 24495809

30. Sicard K, Shen Q, Brevard ME, Sullivan R, Ferris CF, King JA, et al. Regional cerebral blood flow and
BOLD responses in conscious and anesthetized rats under basal and hypercapnic conditions: implica-
tions for functional MRI studies. J Cereb Blood FlowMetab 2003; 23: 472–481. PMID: 12679724

31. Lahti KM, Ferris CF, Li F, Sotak CH, King JA. Comparison of evoked cortical activity in conscious and
propofol-anesthetized rats using functional MRI. Magn Reson Med. 1999; 41: 412–416. PMID:
10080292

32. Brammer A, West CD, Allen SL. A comparison of propofol with other injectable anaesthetics in a rat
model for measuring cardiovascular parameters. Lab Anim. 1993; 27: 250–257. PMID: 8366671

33. Fox PT, Raichle ME. Focal physiological uncoupling of cerebral blood flow and oxidative metabolism
during somatosensory stimulation in human subjects. Proc Natl Acad Sci U S A 1986; 83: 1140–1144.
PMID: 3485282

34. Deady JE, Koblin DD, Eger EI II, Heavner JE, D'Aoust B. Anesthetic Potencies and the Unitary Theory
of Narcosis. Anesth Analg. 1981; 60: 380–384. PMID: 7195159

35. Hansen TD, Warner DS, Todd MM, Vust LJ. The role of cerebral metabolism in determining the local
cerebral blood flow effects of volatile anesthetics: evidence for persistent flow-metabolism coupling. J
Cereb Blood Flow Metab. 1989; 9: 323–328. PMID: 2715204

36. Heindl-Erdmann C, Axmann R, Kreitz S, Zwerina J, Penninger J, Schett G. Combining functional mag-
netic resonance imaging with mouse genomics: new options in pain research. Neuroreport. 2010; 21:
29–33. doi: 10.1097/WNR.0b013e3283324faf PMID: 19934782

37. Neely GG, Hess A, Costigan M, Keene AC, Goulas S, Langeslag M, et al. A Genome-wide Drosophila
Screen for Heat Nociception Identifies [alpha]2[delta]3 as an Evolutionarily Conserved Pain Gene. Cell.
2010; 143: 628–638. doi: 10.1016/j.cell.2010.09.047 PMID: 21074052

38. Goloshevsky AG, Silva AC, Dodd SJ, Koretsky AP. BOLD fMRI and somatosensory evoked potentials
are well correlated over a broad range of frequency content of somatosensory stimulation of the rat
forepaw. Brain Res. 2008; 1195: 67–76. doi: 10.1016/j.brainres.2007.11.036 PMID: 18206862

39. Stancák A, Svoboda J, Rachmanová R, Vrána J, Králík J, Tintera J. Desynchronization of cortical
rhythms following cutaneous stimulation: effects of stimulus repetition and intensity, and of the size of
corpus callosum. Clin Neurophys. 2003; 114: 1936–1947.

40. Nakamura T, Popitz-Bergez F, Birknes J, Strichartz GR. The critical role of concentration for lidocaine
block of peripheral nerve in vivo: studies of function and drug uptake in the rat. Anesthesiology. 2003;
99: 1189–1197. PMID: 14576558

41. Nau C, Wang GK. Interactions of local anesthetics with voltage-gated Na+ channels. J Membr Biol.
2004; 201: 1–8. PMID: 15635807

fMRI of Pain Processing in Mouse Brain Elicited by Thermal Stimulation

PLOS ONE | DOI:10.1371/journal.pone.0126513 May 7, 2015 13 / 14



42. Qu Y, Rogers J, Tanada T, Scheuer T, Catterall WA. Molecular determinants of drug access to the re-
ceptor site for antiarrhythmic drugs in the cardiac Na+ channel. Proc Natl Acad Sci U S A 1995; 92:
11839–11843. PMID: 8524860

43. Ries CR, Pillai R, Chung CCW,Wang JTC, MacLeod BA, Schwarz SK. QX-314 Produces Long-lasting
Local Anesthesia Modulated by Transient Receptor Potential Vanilloid Receptors in Mice. Anesthesiol-
ogy. 2009; 111: 122–126. doi: 10.1097/ALN.0b013e3181a9160e PMID: 19512885

44. Lim TK, Macleod BA, Ries CR, Schwarz SK. The quaternary lidocaine derivative, QX-314, produces
long-lasting local anesthesia in animal models in vivo. Anesthesiology. 2007; 107: 305–311. PMID:
17667576

45. Gavva NR, Bannon AW, Surapaneni S, Hovland DN Jr., Lehto SG, Gore A., et al. The vanilloid receptor
TRPV1 is tonically activated in vivo and involved in body temperature regulation. J Neurosci. 2007; 27:
3366–3374. PMID: 17392452

46. Lee SY, Lee JH, Kang KK, Hwang SY, Choi KD, Oh U. Sensitization of vanilloid receptor involves an in-
crease in the phosphorylated form of the channel. Arch Pharm Res. 2005; 28: 405–412. PMID:
15918513

47. Ahern GP, Brooks IM, Miyares RL, Wang XB. Extracellular Cations Sensitize and Gate Capsaicin Re-
ceptor TRPV1Modulating Pain Signaling. J Neurosci. 2005; 25: 5109–5116. PMID: 15917451

fMRI of Pain Processing in Mouse Brain Elicited by Thermal Stimulation

PLOS ONE | DOI:10.1371/journal.pone.0126513 May 7, 2015 14 / 14


