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a b s t r a c t

Lidocaine is clinically widely used as a local anesthetic inhibiting propagation of action potentials in

peripheral nerve fibers. Correspondingly, the functional magnetic resonance imaging (fMRI) response

in mouse brain to peripheral noxious input is largely suppressed by local lidocaine administered at doses

used in a clinical setting. We observed, however, that local administration of lidocaine at doses 100�

lower than that used clinically led to a significantly increased sensitivity of mice to noxious forepaw stim-

ulation as revealed by fMRI. This hyperalgesic response could be confirmed by behavioral readouts using

the von Frey filament test. The increased sensitivity was found to involve a type 1 cannabinoid (CB1)

receptor-dependent pathway as global CB1 knockout mice, as well as wild-type mice pretreated system-

ically with the CB1 receptor blocker rimonabant, did not display any hyperalgesic effects after low-dose

lidocaine. Additional experiments with nociceptor-specific CB1 receptor knockout mice indicated an

involvement of the CB1 receptors located on the nociceptors. We conclude that low concentrations of

lidocaine leads to a sensitization of the nociceptors through a CB1 receptor-dependent process. This

lidocaine-induced sensitization might contribute to postoperative hyperalgesia.

� 2012 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

Sensory and nociceptive processing involves a network of neu-

ral structures, the first element being the nociceptor, a high thresh-

old sensory neuron connecting peripheral tissues with the central

nervous system (CNS) [41]. In the brain, nociceptive processing

activates the ‘‘pain matrix’’ involving structures such as somato-

sensory, insular, cingulate, and prefrontal cortices, thalamus, and

periaqueductal gray [3]. Functional magnetic resonance imaging

(fMRI), assessing changes in cerebral blood oxygenation levels

(BOLD [blood oxygen level-dependent] [35]), has been used for

studying pain processing both in humans and animals, mostly in

rats [8,11,27,29,31,32] but recently also in mice [1,5,18]. Mice are

attractive, as transgenic lines may yield information on mecha-

nisms underlying pain signaling. Substantial progress has been

made in understanding the molecular mechanisms of normal or

pathological pain states, much of it with the help of genetically

engineered mice displaying altered sensitivity to noxious input

[9,16,24,34].

Although sodium channel block and action potential inhibition

by high concentrations of lidocaine are well established, effects of

low concentrations are considerably more complex [28] and their

effects on central pain processing have not been characterized in

detail. fMRI can help to further elucidate effects of lidocaine on

modulating sensory processing in response to peripheral noxious

stimuli [28,42]. It has been reported that lidocaine applied intrave-

nously at low doses in rats enhances fMRI responses to acute noci-

ceptive stimulation [28]. Several pharmacological effects could

account for this increased sensitivity. In addition to inducing local

anesthesia through blockade of voltage-gated sodium channels,

lidocaine has been reported to inhibit tandem pore domain potas-

sium channels [23]. Leffler et al. [25] showed that lidocaine directly

activates and sensitizes the transient receptor potential channel 1

(TRPV1) located on C fibers and activated by noxious chemical or

physical stimuli [10].

We have applied fMRI in mice using an electrical forepaw

stimulation paradigm [5] to study effects of lidocaine treatment
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on the BOLD response. Local administration of lidocaine at clinical

doses (2%) largely inhibited activation of the CNS pain matrix.

Yet, pretreatment with lidocaine using doses 100-times lower

prompted a hyperalgesic effect as reflected both by increased

BOLD-fMRI responses to electrical forepaw stimulation and by

behavioral readouts. Based on recent studies [14,37], we hypothe-

sized that activation of type 1 cannabinoid (CB1) receptors might

contribute to this hyperalgesia. Activation of CB1 receptors was re-

ported to facilitate the action of TRPV1 receptors, thereby increas-

ing the excitability of nociceptors [14]. Furthermore, activation of

CB1 receptors in the dorsal horn during strong nociceptive input

was shown to cause disinhibition of pain-specific dorsal horn neu-

rons, rendering them excitable by input from nonnociceptive A

fibers, which might result in hyperalgesia in areas surrounding

the original nociceptive input [37]. We have therefore investigated

the effect of modulating CB1 signaling on lidocaine-induced hyper-

algesia using genetically engineered mice lacking the CB1 receptor

globally (CB�=�
1 mice) [30] and by pharmacological inhibition in

wild-type (WT) mice using the specific CB1 receptor blocker rimo-

nabant. To further pin down the location of relevant CB1 receptors,

nociceptor-specific CB1 receptor knockout mice (sns-CB�=�
1 ) [2]

have been included in the study.

2. Material and methods

2.1. Animals and stimulation paradigm

All experiments were performed in accordance with the Swiss

law of animal protection. Sixty female C57BL/6 mice (including lit-

termates of transgenic animals), 8 female global CB�=�
1 mice (pro-

vided by B. Lutz and G. Marsicano, Max-Planck-Institute of

Psychiatry, Munich, Germany), and 10 (5 males and 5 females)

nociceptor-specific sns-CB�=�
1 mice (provided by R. Kuner, Univer-

sity of Heidelberg, Germany) were used for the experiments. The

mice were anesthetized with isoflurane (Abbott, Cham, Switzer-

land; induction at 2%–3%, maintenance at 1.2% in a 70% air – 30%

oxygen mixture), endotracheally intubated, mechanically venti-

lated using a breathing rate of 90 breaths per minute, and para-

lyzed (for more details refer to [5]). The tail vein was cannulated

for drug administration, and body temperature was maintained

at 36.5� ± 0.5�C using a warm-water circuit integrated into the ani-

mal support (Bruker BioSpin AG, Fällanden, Switzerland). Heart

rate and blood oxygenation were monitored using an MR-compat-

ible infrared sensor (MouseOx Pulse Oximeter; Starr Life Sciences,

Oakmont, PA, USA). For electrical stimulation, a pair of needle elec-

trodes (Genuine Grass Instruments, West Warwick, RI, USA) was

inserted subcutaneously into the distal and proximal end of the

palm of each forepaw, with a distance of 2–3 mm between the 2

needles. Electrical stimulation was carried out using the following

parameters (for details see [5]): current amplitude 1.5 mA, fre-

quency 3 Hz, pulse duration 0.5 ms, with 4 stimulation periods of

60 seconds duration (corresponding to 180 pulses) followed by

resting periods of 120 seconds duration. The initial baseline period

lasted 120 seconds (Fig. 1b). Stimulation amplitudes of <1 mAwere

considered nonnoxious [5].

2.2. Experimental groups

The study design consisted of 4 sets of experiments: 1) Effects of

lidocaine inWTmice: 10 lL of lidocaine hydrochloride dissolved in

0.9% NaCl was injected into the left forepaw 40 minutes prior to

electrical stimulation. The following lidocaine doses were adminis-

tered: 1.5 nmole, 3.0 nmole, 4.5 nmole, 6.0 nmole, or 700 nmole

(corresponding to 0.42, 0.81, 1.23, 1.62, and 190 lg lidocaine

hydrochloride, respectively). The pH of the injected solution was

6.3–6.4 for an amount of lidocaine 6 6 nmole and 5.1 for an

amount of 700 nmole lidocaine per 10 lL. As control groups, naïve

animals that were not injected with any substance and mice in-

jected into the right forepaw with 10 lL of saline solution (0.9%

NaCl, pH 6.4) have been used. In order to exclude potential noxious

stimulation due to stimulation of pH-sensitive receptors, addi-

tional experiments have been carried out in mice receiving local

injections of 10 lL phosphate-buffered saline (PBS, pH 7.4) and

3 nmole lidocaine dissolved in 10 lL PBS (pH 7.3). 2) Effects of lido-

caine in CB�=�
1 mice: at first, experiments with electrical stimula-

tion only were carried out to test for intrinsic differences

between naïve CB�=�
1 and WT animals. In a second experiment,

3 nmole lidocaine in a volume of 10 lL and 10 lL of 0.9% NaCl were

injected into the left forepaw and right forepaw, respectively, prior

to electrical stimulation. 3) Pharmacological inhibition of CB1 using

rimonabant: the CB1 antagonist/inverse agonist rimonabant (SR

141716, Anawa Trading SA, Wangen, Switzerland) [26] was dis-

solved in a mixture of ethanol, Cremaphor (Sigma-Aldrich, Stein-

heim, Germany), and 0.9% NaCl (1:1:18) and administered

intravenously (10 mg/kg) 20 minutes prior to electrical stimula-

tion. fMRI experiments were carried out in animals that had

received no further treatment or in mice that had been pretreated

with 3 nmole of lidocaine. The control group received an intrave-

nous administration of vehicle in addition to the local pretreat-

ment with 3 nmole of lidocaine. 4) Effects of lidocaine in

sns-CB�=�
1 mice: 3 nmole lidocaine in 10 lL, and 10 lL of 0.9% NaCl

were injected into the left forepaw and right forepaw, respectively,

40 minutes prior to electrical stimulation. fMRI experiments were

also performed without pretreatment in sns-CB�=�
1 to test for

intrinsic differences in the fMRI response as compared to WT

animals.

The numbers of animals for the various experimental groups are

given in Table 1. The high numbers of animals in the group receiv-

ing 3 nmole lidocaine (n = 28) and in the naïve control group with

electrical stimulation only (n = 21) are due to control experiments,

which were conducted with each set of experiments to avoid

working with historical controls only. In addition, WT littermates

of all transgenic animals were also measured and pooled with

the data collected on WT mice.

2.3. MRI equipment and sequences

All MRI experiments were performed 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 detec-

tion, a commercially available cryogenic quadrature RF surface

probe (CryoProbe), consisting of a cylinder segment (180� coverage,

radius 10 mm) and operating at a temperature of 30 K was used

(Bruker BioSpin AG, Fällanden, Switzerland; for detailed informa-

tion see [4]). Anatomical reference images in coronal and sagittal

directions (slice orientations are given using the nomenclature of

the mouse brain atlas [15]) were acquired using a spin echo

(Turbo-RARE) sequence with the following parameters:

field-of-view = 20 � 20 mm2, matrix dimension = 200 � 200, slice

thickness = 0.5 mm, interslice distance = 0.7 mm, repetition de-

lay = 3500 ms, echo delay = 13 ms, effective echo time = 39 ms, ra-

pid acquisition with relaxation enhancement (RARE) factor

(number of echoes sampled for each excitation) = 32, and number

of averages = 1. The coronal slices for the fMRI experiment were

positioned and oriented on the basis of these anatomical reference

images using both sagittal and horizontal images to adjust the prop-

er slice position and angulation with regard to the magnet coordi-

nate system in order to best fit the mouse atlas sections [15] with

the center of the 0.5-mm-thick MRI section to correspond to loca-

tion of the atlas section. BOLD-fMRI data were acquired using a gra-

dient-echo echo planar imaging (EPI) sequence with the following

parameters: five coronal slices covering a range of 2–5 mm anterior
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to the interaural line (IAL +2–5 mm) were recorded with field-of-

view = 23.7 � 12.0 mm2, matrix dimension = 90 � 60 (acquisition)

and 128 � 64 (reconstruction), yielding an in-plane resolution of

200 � 200 lm2, slice thickness = 0.5 mm, interslice distance =

0.7 mm, repetition delay = 2500 ms, echo delay = 8.5 ms, and num-

ber of averages = 3 (averaging in k-space) resulting in an image

acquisition time of 7.5 seconds. The fMRI experiment comprised

either 112 repetitions lasting 840 seconds (Fig. 1b) or 152 repeti-

tions lasting 1140 seconds (prolonging the recovery period follow-

ing the last stimulation period).

Fig. 1. Activation maps and temporal blood oxygen level-dependent (BOLD) signal profile. (a) The top 3 lines display the anatomical reference images from the mouse brain

atlas, the structural magnetic resonance images obtained using the rapid acquisition with relaxation enhancement (RARE) sequence and the echo planar imaging (EPI) images

for the 5 coronal slices recorded (central slice position at 5.1, 4.4, 3.7, 3.0, and 2.3 mm rostral to the interaural line, left to right). Regions labeled on the anatomical reference

image: S1, S1 front limb (S1 FL), S2, granular insular cortex (GI), and thalamus (Thal). Both the RARE and the EPI data set have been spatially normalized to the brain atlas (see

Section 2). Activation maps derived from general linear model (GLM) analysis are shown as overlay on EPI images for naïve animals (‘‘naïve’’), mice pretreated by injection of

10 lL of saline into the forepaw (‘‘saline’’), 3 nmole (‘‘lidocaine 3 nmole’’), and 700 nmole of lidocaine dissolved in 10 mL (‘‘lidocaine 700 nmole:). Color-coded overlays show

the mean activated regions across all animals obtained from GLM analysis (family-wise error corrected, threshold at P < 0.05, minimum cluster size of 10 voxels). The color

bar shows the respective T-value ranging from 0 to 10; L and R indicate left and right on the image; the scale bar represents a distance of 1 mm. (b) Temporal profile of the

relative change of the BOLD signal intensity as observed in the contralateral S1 area during electrical forepaw stimulation. Traces show response to electrical stimulation in

naïve animals (black), after local injection of 3 nmole (dark gray) and after injection of 700 nmole of lidocaine (light gray). Gray bars indicate stimulation periods. All values

are indicated as mean ± SEM.
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2.4. Data analysis and statistics

EPI images are susceptible to distortions due to differences in

local susceptibility values. These distortions were accounted for

in part by applying a bilinear scaling procedure. Each coronal EPI

cross-section was scaled along 2 orthogonal directions to best fit

the coordinate system of the mouse brain atlas [15]. The origin

of the coordinate system was defined by the midline point at the

base of the brain. A right-handed coordinate system was then de-

fined for each coronal EPI image by choosing the ventral-to-dorsal

direction of the brain midline as y-axis and the direction perpen-

dicular to the midline pointing into the right hemisphere as x-axis.

The lengths of the vectors from the base to the dorsal edge of the

brain (yEPI;i) and from the midline to the edge of the right hemi-

sphere at its widest point (xEPI;i) was compared with the respective

dimensions obtained from the mouse brain atlas (xatlas,i yatlas,i),

yielding the linear scaling factors cxi = xatlas,i/xEPI;i and cyi = yatlas,i/yE-

PI;i. These scaling factors were then used to match EPI images to the

respective cross-sections from the mouse atlas using IDL-based

software developed in-house [38].

Following co-registration, nonbrain structures were manually

removed using Biomap software (M. Rausch, Novartis, Basel,

Switzerland). Images were smoothed using a 280-lm3 Gaussian

smoothing kernel using SPM 5 (FIL Methods Group, London, UK)

and SPMmouse plug-in (Wolfson Brain Imaging Centre, Cambridge,

UK). Following this procedure, a general linear model (GLM) anal-

ysis was performed using SPM 5. The model was derived from the

first activation peak using a block design convoluted with a finite

impulse function and high-pass filtered with a cutoff of 500 sec-

onds. GLM assesses correlations on a pixel-by-pixel basis between

the fMRI signal and the stimulation pattern. Activation was de-

tected using a family-wise error-corrected statistical threshold of

P = 0.05 for all experiments and a minimal cluster size of 10 voxels.

For quantitative analyses of BOLD signal changes, regions-of-inter-

est were selected based on their location in the mouse brain atlas

[15]. BOLD signal changes are displayed in percent of the baseline

value prior to the stimulation. GLM-derived activation patterns

were used for group analysis.

Comparative statistics was performed taking the maximal

amplitude of the BOLD signal change of the first stimulation period

(from 120 to 180 seconds, see Figs. 1, 3 and 4b ) of each animal.

Values were tested at the a = 0.05 level using the nonparametric

Kruskal-Wallis test followed by the post hoc Fisher test (compari-

son between different groups). All values are presented as mean

(across animals) ± SEM.

2.5. Behavioral test: von Frey filaments

The behavioral testing was performed in 19 WT mice, which

were kept in the test cages for 1 hour prior to testing to allow

accommodation. For baseline recording, each mouse was tested

on each forepaw for 15 minutes, obtaining at least 3 data points

per paw and per 5-minute interval, measuring paw withdrawal

thresholds to stimulationwith electronically controlled von Frey fil-

aments. Following the baseline, either 3 nmole lidocaine (n = 11)

dissolved in 10 lL or the same amount of saline (n = 8) was injected

into both forepaws. Thiswas done under short isoflurane anesthesia

(2%, 1–2 minutes), after which the animals were put back into the

test boxes. Measurements were taken during 55 minutes after lido-

caine or saline injection in all animals. Values were averaged for

intervals of 5 minutes and are presented as mean (across ani-

mals) ± SEM. Statistical analysis was performed using the nonpara-

metric Kruskal-Wallis test followed by the post hoc Bonferroni test

(a = 0.05 level, comparison between different groups).

3. Results

3.1. Pretreatment with low doses of lidocaine causes hyperalgesia

Electrical stimulation of the forepaw using a current amplitude

of 1.5 mA was shown to activate brain areas attributed to the pain

matrix [11]. Consistent BOLD responses have been observed in the

areas of the primary and secondary somatosensory cortices (S1 and

S2), the motor cortex, the thalamus, and the insular cortex as

revealed by GLM analysis and displayed in the activation maps ob-

tained for the 5 sections recorded (Fig. 1a). The BOLD signal re-

sponse to unilateral forepaw stimulation appeared consistently

bilateral in all activated regions as it has been described previously

[5]. The temporal changes of the BOLD amplitude in the regions in-

volved corresponded well with the 4 stimulation periods (Fig. 1b

for S1 area contralateral to the stimulated paw, black line for naïve

mice). The BOLD signal intensity increased significantly at each

stimulus onset, but there was a net decrease of the BOLD signal

amplitude for subsequent stimulation periods across the 4-block

cycle. Also, the signal did not return to the initial baseline level

within the 2-minute resting interval following a stimulation epi-

sode, but remained elevated until the start of the next stimulation

block, in line with earlier observations [5]. Noninvasive physiolog-

ical monitoring of the mice showed stable parameters throughout

the entire experiment: no changes in body temperature (36.5 ±

0.5�C) and arterial O2 saturation (>98%) could be detected during

Table 1

Overview of experimental groups used.

Strain Systemic application Local administration at forepaw (volume 10 lL)

Naïve Saline PBS Lidocaine (in saline)

Dose [nmole/mouse]

WT 21 6* 5 1.5

3

3+

4.5

6

700

8

28

5

7

7

6

Rimonabant 4 3 5

Vehicle rimonabant 3 5

CB
�=�
1

6 8* 3 8

sns-CB�=�
1

6 10* 3 10

Numbers indicate size of respective groups. Saline, phosphate-buffered saline (PBS), or lidocaine was injected into the forepaw of the mouse using an

injection volume of 10 lL. The lidocaine dose is given in italics. The type 1 cannabinoid (CB1) antagonist rimonabant or the respective vehicle was

administered intravenously.
* (Saline groups) indicates that functional magnetic resonance imaging experiments following saline and lidocaine pretreatment were carried out using

the same animals.
+ The group receiving lidocaine dissolved in PBS.
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the stimulation periods; the heart rate (approximately

500 beats per minute) changed minimally at the onset of each

stimulation period by 10–15 beats per minute, and returned to

prestimulation values within <10 seconds.

Local administration of low doses of lidocaine into the mouse

forepaw 40 minutes prior to the fMRI study led to a significant in-

crease of the maximum BOLD signal change, as compared with the

untreated forepaw stimulated at the same current amplitude. This

is illustrated in Fig. 1, which includes activation maps and profiles

for naïve mice and mice pretreated with 3 nmole of lidocaine. Yet,

it should be noted that the intensity in activation maps indicates

the value of the correlation with the model stimulation function

and not the amplitude of the BOLD effect as such. Quantitative

analysis of the fMRI signal revealed that the maximal BOLD signal

change (in% of baseline values) in the S1 region contralateral to the

stimulated paw in naïve animals was 2.9 ± 0.2% (n = 21, Figs. 1b,

2a). This differed significantly from the maximal BOLD values of

4.5 ± 0.2% (n = 28, P < 0.0001), 4.0 ± 0.6% (n = 7, P = 0.05), and

4.0 ± 0.7% (n = 7, P = 0.04) for 3, 4.5, and 6 nmole lidocaine dis-

solved in 10 lL, respectively, except for the lowest dose used

(1.5 nmole), for which a value of 3.7 ± 0.4% (n = 8, P = 0.1) has been

obtained. The BOLD response was dose dependent, with a maxi-

mum effect at 3 nmole of lidocaine injected locally (Fig. 2a). Clini-

cally relevant doses (700 nmole, 2%) of lidocaine almost

completely abolished the BOLD signal (0.7 ± 0.2%, n = 6; Figs. 1b,

2a). Activation maps for the 700-nmole lidocaine group derived

from GLM analysis showed weak activation in the S1 area with

clearly decreased intensity and extent, as compared with the un-

treated and low-dose lidocaine-treated groups (Fig. 1a). Injection

of the vehicle (0.9% NaCl) led to a maximal BOLD signal change

of 3.2 ± 0.3% (n = 6), which was not significantly different from

the untreated animals (P = 0.55), but significantly smaller than

the response following administration of 3 nmole lidocaine

(P = 0.03; Fig. 2a). The maximum BOLD responses after injections

of PBS or PBS with lidocaine were similar to the one observed after

saline injection (3.6 ± 0.7%, 3.2 ± 0.6%, respectively), indicating no

hyperalgesic effects (data not shown). The dependence on the lido-

caine dose and the lack of response to the vehicle administration

indicate that the increased sensitivity is caused by the local anes-

thetic administered at low concentrations.

To further validate these unexpected fMRI findings, we assessed

the sensitivity of the mice in response to mechanical stimulation of

the injected paw with von Frey filaments. In the saline group, the

mean baseline forepawwithdrawal threshold of 1.2 ± 0.07 gwas re-

duced to 0.5 ± 0.08 g (P = 0.0008) 10 minutes after saline injection

and remained significantly lower for 25 minutes (0.5 ± 0.09 g,

P = 0.0008) before slowly returning to baseline levels (Fig. 2b).

The mean baseline values of the lidocaine group (1.0 ± 0.04 g) were

Fig. 2. Pretreatment with low concentrations of lidocaine leads to an increase in blood oxygen level-dependent (BOLD) signal. (a) Maximum amplitude of BOLD signal

changes in the S1 contralateral to the stimulated paw and in the thalamus in naïve wild-type animals and animals pretreated with lidocaine or saline. The numbers in the

figure indicate the lidocaine dose in nmoles injected per mouse. All values are indicated as mean ± SEM (⁄P < 0.05, #P < 0.05 compared to all other groups). (b) Relative

withdrawal thresholds of the forepaws measured with dynamic von Frey filaments for mice injected with 3 nmole lidocaine (filled squares) or saline (open squares) at time

t = 0. Values are given relative to average baseline value for the period �15 to 0 minutes (0.99 ± 0.04 g for lidocaine and 1.12 ± 0.08 g for saline group; not significantly

different). An increased sensitivity was observed up to 40 minutes after lidocaine injection and up to 25 minutes after saline injection, the gray bar indicating the baseline

range. All values are indicated as mean ± SEM, with * indicating a statistically significant difference at P < 0.05 level compared to baseline values, and # indicating a significant

difference at P < 0.05 level between saline- and lidocaine-injected animals.
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reduced to 0.3 ± 0.05 g (P < 0.0001) 5 minutes after injection of

3 nmole lidocaine solution. The reduced withdrawal threshold

was observed for 40 minutes (0.6 ± 0.06 g, P < 0.0001) before

increasing again slowly (Fig. 2b). The hyperalgesic effect was stron-

ger and longer lasting in the lidocaine group as compared to the sal-

ine group, though only 2 time points were significantly different

(Fig. 2b).

3.2. Lidocaine-induced hyperalgesia requires the CB1 receptor

The hyperalgesic response induced by lidocaine pretreatment

was investigated in global CB�=�
1 mice and nociceptor-specific

sns-CB�=�
1 mice (Fig. 3). Analysis of the temporal profile in the

contralateral S1 region revealed that the BOLD response in lido-

caine-pretreated global CB�=�
1 mice did not differ from the response

observed in naïveWT animals, but was substantially reduced when

compared to lidocaine-pretreated WT mice (Fig. 3b, middle panel).

This is further corroborated by quantitative analysis: in global

CB�=�
1 mice, electrical stimulation of the forepaw at 1.5 mA yielded

a maximal BOLD signal change of 2.3 ± 0.2% in S1 contralateral to

the stimulated paw, indicating no significant difference of sensitiv-

ity as compared toWT animals (P = 0.39). Following pretreatment of

the forepaws with 3 nmole lidocaine (10 lL), CB�=�
1 mice did not

show the hyperalgesic response observed in WT animals: the max-

imal BOLD values were 3.1 ± 0.8% in CB�=�
1 vs 4.5 ± 0.2% inWTmice,

which was statistically significantly different (P = 0.01). In contrast,

there was no significant difference in BOLD signal amplitudes in

CB�=�
1 mice with and without lidocaine treatment (P = 0.18). Also,

injection of 10 lL saline into the forepaw of the CB�=�
1 mice did not

affect themaximalBOLDsignal change (1.8 ± 0.4%,P = 0.08) (Fig. 3c).

The involvement of the CB1 receptor in eliciting the hyperalge-

sic response to lidocaine was confirmed by pharmacological inhibi-

tion of CB�=�
1 receptors using the selective antagonist/inverse

agonist rimonabant (Fig. 4). In the absence of lidocaine pretreat-

ment, rimonabant did not affect the BOLD signal change (maximal

amplitude in S1: 3.1 ± 0.4% with rimonabant vs 2.9 ± 0.2% without

rimonabant, P = 0.99) in response to electrical stimulation. Sys-

temic administration of rimonabant following pretreatment with

3 nmole lidocaine completely abolished the hyperalgesic effects

of lidocaine (Fig. 4b, c) with maximal BOLD amplitudes in S1 of

3.2 ± 0.5% with rimonabant compared to 4.5 ± 0.2% without

rimonabant (P = 0.02). In contrast, administration of the rimona-

Fig. 3. Global and nociceptor-specific type 1 cannabinoid (CB1)
�/� mice do not show hyperalgesia after pretreatment with lidocaine. (a) Activity maps for brain slice (average

group maps, 4.4 mm rostral to the interaural line) comprising somatosensory cortex S1 for wild-type (WT; top), CB�=�
1 (middle), and sns-CB�=�

1 mice (bottom) in response to

electrical forepaw stimulation at 1.5 mA following local administration of lidocaine into the forepaw. (b) Blood oxygen level-dependent (BOLD) signal changes in% of baseline

values in contralateral S1 cortical area indicated in (a) as a function of time for WT (top panel), CB�=�
1 (middle panel) and sns-CB�=�

1 mice (bottom panel) with electrical

stimulation periods of the forepaw indicated as gray rectangles. For WT mice (top panel), curves represent the response to stimulation of the lidocaine- (filled symbols) and

the saline-pretreated paw (dashed line, no symbols). In the lower 2 panels, the BOLD responses found in WT mice following lidocaine (solid line) and saline pretreatment

(dashed line) are shown for comparison, illustrating the absence of an enhanced BOLD signal elicited by local administration of lidocaine in the 2 knockout mouse lines. (c)

Maximum BOLD signal changes in the S1 contralateral to the stimulated paw and in the thalamus comparing WT (light gray bars), CB�=�
1 (dark gray bars) and sns-CB�=�

1 mice

(black bars) with or without lidocaine pretreatment (3 nmole per mouse; ‘‘lidocaine 3’’). The BOLD signal amplitudes in (b) and (c) show the absence of a hyperalgesic

response to local lidocaine administration in CB�=�
1 and sns-CB�=�

1 mice, while this is not obvious from the activity maps. It should be noted, though, that activity maps indicate

the strength of the correlation between the signal intensity and the model function for the stimulation rather than the amplitude of the effect. The reason for the better

correlation in sns-CB�=�
1 mice might be due to the faster return of the BOLD signal to baseline values. All values are indicated as mean ± SEM (⁄P < 0.05).
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bant vehicle did not reduce the hyperalgesic response to low-dose

lidocaine and led to a maximal BOLD signal change in S1 of

4.5 ± 0.3%, which is comparable to the values observed following

application of lidocaine alone (4.5 ± 0.2%, P = 0.92), but is signifi-

cantly different from the application of rimonabant combined with

lidocaine (P = 0.02) (Fig. 4c, upper panel).

Experiments with the nociceptor-specific sns-CB�=�
1 mice

indicated an important role of the CB1 receptor in the periphery

for the lidocaine-induced hyperalgesia. The response to electrical

stimulation only (maximum amplitude contralateral S1: 3.18 ±

0.3%) was not significantly different from either the WT animals

(P = 0.5) or the global CB�=�
1 mice (P = 0.07). Electrical stimulation

after lidocaine pretreatment led to a maximum BOLD signal ampli-

tude in the S1 contralateral to the stimulated paw of 3.2 ± 0.3%,

which was virtually identical to the values obtained with the global

CB�=�
1 mice after lidocaine treatment (P = 0.9; Fig. 3b, c), but signif-

icantly reduced compared to that observed in lidocaine-pretreated

WT animals (P = 0.001).

For all experiments, the BOLD signal changes in the thalamus, a

central region of the painmatrix, showed trends that are in linewith

the changes observed in the S1 region contralateral to the stimu-

lated paw. This is reflected by the good correlation (R2 = 0.78) of

the BOLD responses (maximum amplitude) of the 2 regions.

4. Discussion

Functional MRI studies in humans and animals revealed nox-

ious-evoked activation patterns that corresponded with the struc-

tures of the pain matrix [5,8,11,18,27,29,31,32], rendering fMRI an

attractive modality for studying aspects of pain processing nonin-

vasively. Due to the hemodynamic origin of the signal, activated

areas derived from fMRI data analysis are usually not tightly

confined to functional brain entities, but may include territories

covered by irrigating and draining vessels. Correspondingly, acti-

vated areas in the mouse brain identified by fMRI correlation anal-

ysis (Fig. 1a) extend beyond functional territories derived from

electrophysiological recordings displayed in brain atlases [15].

Lidocaine is a widely used local anesthetic and antiarrhythmic

agent, which acts primarily through inhibition of voltage-gated so-

dium channels. These channels play a crucial role in generation and

propagation of action potentials. Blocking sodium channels by

lidocaine inhibits signal propagation along nerve fibers and there-

fore should abolish a functional response in the CNS. In fact, in our

study, local administration of lidocaine at clinical doses (2%, ie,

700 nmole per mouse) prior to the stimulation experiment largely

abolished the cerebral BOLD response.

Administration of lidocaine at low doses, however, caused sig-

nificant and reproducible hyperalgesia, a surprising observation

for a compound clinically used for analgesia. Similar observations

have been reported previously [28,40]. We found doses of lidocaine

between 3 and 6 nmole to elicit significant increases in local brain

activity as reflected by increased amplitude and spatial extent of

the BOLD signal. This sensitization following low-dose lidocaine

injection could be reproduced in all animals studied with the von

Frey filament test. The hyperalgesic effect did not last quite as long

as in the fMRI experiments, most likely because mice were awake

andmoving in the behavioral test, while animals in the fMRI exper-

iments were anesthetized.

The underlying mechanisms acting in the sensory afferents are

not entirely understood. Experiments with injection of saline

indicate a slight, though not significant, increase of the BOLD re-

sponse. This largely excludes the increased amount of liquid and

Fig. 4. Type 1 cannabinoid (CB1) blocker rimonabant prevents development of hyperalgesia after pretreatment with lidocaine. (a) Activity maps for brain slice (average group

maps, 4.4 mm rostral to the interaural line) comprising somatosensory cortex S1 in response to electrical forepaw stimulation at 1.5 mA for wild-type (WT) mice sensitized by

local administration of lidocaine and treated by either intravenous administration of the CB1 inhibitor rimonabant (upper) or vehicle (lower). (b) Relative blood oxygen level-

dependent (BOLD) intensity in contralateral S1 cortical area indicated in (a) as a function of time for WT mice pretreated with lidocaine at a dose of 3 nmole (top panel)

following intravenous administration of rimonabant (upper panel) or vehicle (lower panel). Periods for electrical stimulation are indicated as gray rectangles. For comparison,

the BOLD response to electrical stimulation in WT mice pretreated with lidocaine (solid line) or saline (dashed line) only is included in the figures demonstrating that

rimonabant inhibits the enhanced BOLD response due to lidocaine. (c) Maximum BOLD signal changes in the S1 contralateral to the stimulated paw and in the thalamus of

naïve WT animals, WT mice treated with rimonabant only, an WT mice pretreated with lidocaine (3 nmole; ‘‘lidocaine 3’’), lidocaine in combination with rimonabant and

lidocaine in combination with vehicle. The BOLD signal amplitudes in (b) and (c) show the absence of a hyperalgesic response to local lidocaine administration in mice

pretreated with rimonabant, while this is not obvious from the activity maps. All values are indicated as mean ± SEM (⁄P < 0.05).
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electrolytes in the paw, which might alter electrical conductivity,

to be the cause for the hyperalgesic response observed. This was

also supported by behavioral testing: saline injection led to de-

creased withdrawal thresholds, but the sensitization was less pro-

nounced and shorter lasting than that observed after lidocaine

injection. Saline-induced sensitization may be caused by effects

due to NaCl itself, changes in pH, or by mechanical irritation from

the injection, all factors that also apply to lidocaine injections. fMRI

measurements using PBS (pH 7.4) alone or with 3 nmole lidocaine

(pH 7.3) led to a maximum BOLD amplitude after electrical stimu-

lation similar to that observed after injection of unbuffered saline

and not significantly different from that without any pretreatment

(data not shown). Accordingly, the sensitizing effect cannot be

attributed solely to local tissue acidification. As the buffering

capacity of lidocaine at the doses used in our studies is very low,

it is unlikely that differences in extent and time course of the

hyperalgesic response between lidocaine and saline treatment

can be attributed to differences in tissue pH dynamics. It appears

that only the combination of reduced pH (around 6.3) and lido-

caine induces hyperalgesia, as neither saline alone (low pH) nor

lidocaine in PBS (pH 7.4) led to a significant sensitization.

The observations that, in global CB�=�
1 mice, the BOLD response to

electrical stimulationwas not affected by administration of 3 nmole

lidocaine (the dose eliciting the largest effect in WT animals) and

that the lidocaine-induced hyperalgesic effect could be completely

inhibited by administration of the CB1 receptor blocker rimonabant,

clearly demonstrate an involvement of the endocannabinoid system

in the development of this type of hyperalgesia. Experiments per-

formed with nociceptor-specific sns-CB�=�
1 mice indicate a crucial

role of the CB1 receptors located on the nociceptors. The fact that

sns-CB�=�
1 mice behaved similarly to the global CB�=�

1 mice and also

did not display lidocaine-induced hyperalgesia suggests a periphe-

ral sensitization mechanism. CB1 receptor involvement was de-

duced from the analysis of BOLD signal amplitudes in activated

areas rather than from activity maps. Activity maps indicate the

strength of the correlation between the signal intensity in a voxel

and the model function describing the stimulation paradigm and

do not necessarily reflect the amplitude of the response.

It has previously been shown that in cells expressing both CB1

and TRPV1 receptors, CB1 activation either inhibits or stimulates

TRPV1, depending on activation of the cAMP cascade [19]. A recent

report by Fioravanti et al. [14] showed that a direct interaction

with the CB1 receptor maintains TRPV1 channel in a sensitized

state. We hypothesized that the initial local injection of lidocaine

at low doses led to sensitization of the TRPV1 receptors, either

through direct activation or induced by the low pH (6.3) of the

solutions. The peripheral CB1 receptors seem to play a role in elic-

iting or maintaining the TRPV1 sensitization, which prompts an in-

creased BOLD response to electrical stimulation.

At pH 6.3, protons do not directly activate the TRPV1 channel,

but rather act as modulators rendering it more sensitive, for exam-

ple, to heat. Patch-clamp experiments on TRPV1-transfected cells

showed that at pH 6.4, body temperature (37�C) is already suffi-

cient to induce activation of the sensitized channel [21,39]. How-

ever, the temperature measured at the forepaw during the time

point of injection was around 30�C, which is markedly lower and

therefore unlikely to induce TRPV1 activation. We therefore con-

clude that sensitized TRPV1 receptors get activated directly by

lidocaine, a mechanism which has been shown earlier for higher

concentrations of lidocaine [25]. These findings are supported by

the fact that injections of the saline solutions of the same pH value

only led to a short-lasting sensitization in the von Frey behavioral

test. Also, fMRI measurements using electrical stimulation did not

reveal hyperalgesic effects at 40 minutes following saline injection

only, in contrast to the increased response observed 40 minutes

after the injection of lidocaine dissolved in saline.

Other mechanisms might also contribute to the hyperalgesic ef-

fect observed in fMRI experiments following administration of

lidocaine at low doses. Lidocaine inhibits tandem pore domain

potassium channels at concentrations similar to those required

for sodium channel block with EC50s of about 200 lM

([6,7,23,36]). Block of tandem pore domain potassium channels

might lead to a change in excitability of primary nociceptors and

enhance their sensitivity to noxious input. Whether these channels

interact also with CB1 receptors is at present not known.

Independent of these potential peripheral mechanisms leading

to a sensitization, central mechanisms have been suggested. Per-

nía-Andrade et al. demonstrated the activation of CB1 receptors

of the dorsal horn in the spinal cord during strong nociceptive

(C-fiber) input [37]. This would cause a disinhibition of pain-spe-

cific neurons in the dorsal horn, which are rendered sensitive to in-

put even from nonnociceptive A-fibers, thereby resulting in

hyperalgesia in areas surrounding the original nociceptive input.

While we cannot exclude contribution from this central CB1 mech-

anism, our experimental findings are consistent with the activation

of CB1 receptors located at peripheral nociceptors.

fMRI studies are typically carried out in anesthetized animals, a

recurring issue, in particular when investigating nociception. Ide-

ally, anesthesia should neither interfere with brain activity nor act

as analgesic. However, many anesthetics suitable for longitudinal

studies have an analgesic component, and some even affect the neu-

rovascular coupling. We used isoflurane as it allows easy adminis-

tration and controlled dosing. In previous studies, we [5] and

others [13,20,33] have shown that robust and reproducible fMRI sig-

nals can be obtained in response to sensory and noxious stimuli; in

the latter case, significant activation has been observed in brain

areas involved in pain processing, indicating feasibility of such stud-

ies using this anesthesia protocol. Yet, it has been suggested that the

endocannabinoid system might interact with isoflurane-induced

anesthesia, though this claim is not yet sufficiently substantiated

with data. While activation of CB1 is known to decrease GABAergic

inhibition of synaptic transmission in most brain regions [22], vola-

tile anesthetics may enhance GABA-A receptor-mediated inhibition

[17]; hence, a putative interaction cannot be excluded.

4.1. Conclusion

In summary, modulation of nociceptive processing by local

anesthetic lidocaine was investigated in mice using fMRI. The re-

sponse to a nociceptive peripheral stimulus was quantitatively

analyzed with regard to both amplitude and spatial extent of the

BOLD signal change. It could be demonstrated that lidocaine at

low dose induced reproducible hyperalgesia. Studies in transgenic

mice lacking the CB1 receptor ubiquitously (global CB�=�
1 ) or on

peripheral nociceptors (sns-CB�=�
1 ) indicated that this effect

was predominantly mediated by CB1 receptors expressed on

nociceptors.

Aside from the mechanistic implications, these findings might

also be of clinical relevance. Therapeutically used solutions of lido-

caine have pH values of 6.2–6.6 [12], which is in the range of the

solutions applied in this study. In spite of the higher concentrations

of lidocaine applied clinically, there will be regions in the boundary

area of the infiltrated tissue, in which concentrations are as low as

the ones used in this study. Similarly, in the course of drug wash-

out and degradation, low concentrations of lidocaine will inevita-

bly occur. The observation that such low concentrations can cause

a sensitization may relate to postsurgical hyperalgesia [40].
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