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Abstract Electrical low-frequency stimulation (LFS)

evokes long-term depression (LTD) of nociception. Human

studies suggested a strictly homotopic organization. This

study hypothesizes that even heterotopic LFS evokes LTD

within the same receptive field (RF). In 33 healthy vol-

unteers, painful electrical test stimulation and LFS were

applied to the low back by a concentric electrode (Exp-

Back) and to the forearm by a multiarray electrode (Exp-

Arm). Volunteers rated pain perception during test

stimulation that was applied before and after LFS. In

ExpBack, test stimuli were administered within the right

T12 dermatome. LFS was applied heterotopically within

the same RF or remote in dermatome T8. In ExpArm, test

stimulation was carried out in the center of the RF whereas

LFS was applied to the center, margin, or outside the RF.

In ExpBack (n = 20), pain ratings decreased significantly

stronger in T12 than in T8 dermatome (P \ 0.01). In

ExpArm (n = 20), LFS to the center of the RF induced a

stronger pain reduction than LFS applied outside the RF

(P \ 0.001). This study demonstrates a heterosynaptic

organization of LTD within the same RF. Profound

knowledge about RF involvement on LTD seems crucial in

order to judge the quality of LFS as a possible neuro-

modulatory treatment of pain.
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Abbreviations

2PD Two-point discrimination test

cRF Central receptive field

ExpArm Experiments performed on the forearm

ExpBack Experiments performed on the low back region

IE Inner electrode

IP Pain threshold

IS Stimulus intensity

LFS Low-frequency stimulation

LTD Long-term depression

ME Master electrode

mRF Marginal receptive field

OE Outer electrode

oRF Outlying receptive field

RF Receptive field

ROI Region of interest

Introduction

Long-term potentiation (LTP) and long-term depression

(LTD) describe long-lasting modifications in the efficiency

of synaptic transmission. Repetitive electrical high-fre-

quency stimulation (HFS) was shown to induce LTP (Bliss

and Lomo 1973), whereas low-frequency stimulation

(LFS) led to LTD (Dudek and Bear 1992; Randic et al.

1993).

There is evidence for a shift from LTD to LTP induction

above a certain frequency threshold in rodents (Dudek and

Bear 1992). Although the precise molecular mechanisms

underlying LTP and LTD are not completely understood

yet, both require influx of Ca2? into the cell through

N-methyI-D-aspartate receptors (Malenka et al. 1992;

Mulkey and Malenka 1992). The different levels of
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postsynaptic Ca2? influx achieved by different frequencies

are thought to activate opposing changes in protein phos-

phorylation, with the higher frequencies activating protein

kinases necessary for LTP (Malenka et al. 1989) and the

lower frequencies activating protein phosphatases neces-

sary for LTD (Mulkey et al. 1993).

LTD of nociception and pain has been investigated in

trigeminal and spinal nociceptive system in healthy vol-

unteers. Noxious LFS of cutaneous afferents induced sus-

tained reduction in brainstem reflexes (Ellrich and Schorr

2002; Schorr and Ellrich 2002; Ellrich 2006), cortical

potentials (Rottmann et al. 2008; Jung et al. 2009), and

pain perception ratings (Rottmann et al. 2010a) for more

than 1 h. LTD of cerebral pain-related activation was

demonstrated by functional brain imaging (Rottmann et al.

2010b).

In vitro studies suggest a homosynaptic LTD that is

input specific and confined to stimulated synapses. LFS of

primary afferent Ad fibers selectively reduced synaptic

transmission in the dorsal horn of the conditioned pathway

(Chen and Sandkuhler 2000). Convergent input from

adjacent afferents to the same postsynaptic neuron was not

affected.

Recent studies in human volunteers support the

assumption of homotopic organization. Application of LFS

to right-hand dorsum solely depressed pain perception

rating on right hand, but had no effect on left-hand rating.

Stimulation of radial side of right-hand dorsum exclusively

decreased perception on radial but not on ulnar side of the

same hand (Rottmann et al. 2008). Experiments carried out

bilaterally on the forehead showed a decrease in pain

perception solely after ipsilateral but not after contralateral

LFS (Yekta et al. 2006). Furthermore, trigeminal pain per-

ception was solely inhibited by homotopic LFS within all

three sensory branches of the trigeminal nerve (Aymanns

et al. 2009).

Various in vitro studies demonstrated homosynaptic

organization of LTD whereas data from human experi-

ments were not able to make similar conclusions due to

methodological limitations. It is important to point out the

differences in experimental setups between animal and

human studies that complicate a direct comparison.

Recording of neurons of spinal cord slices in vitro provides

precise information regarding involved primary receptive

fields (RFs). In contrast, non-invasive psychophysical

experiments in man are restricted to conclusions about

third-order neurons that transmit information to the cere-

bral cortex as a prerequisite of sensory perception.

Thus, previous human studies were restricted to con-

clusions about homotopic effects and could not provide

information about involved RFs. Due to the small size of

RFs on the hand dorsum and face region (Weinstein 1968),

it was hardly possible to selectively stimulate a skin area

that is exclusively innervated by terminals of only one

primary sensory neuron. Defining central RFs illustrates a

possibility to converge animal and human experimental

setups in order to gain deeper insight into spatial mecha-

nisms of LTD in man. This optimization of experimental

setup allows for the first time a differentiation between

homotopic and heterotopic LTD effects within the same

central RF. Therefore, this study hypothesized that even

heterotopic LFS evokes LTD within the same central RF.

Parts of this study were presented as an abstract (Larsen

et al. 2010).

Methods

This study consists of two experiments that were carried

out on the low back (ExpBack) and forearm (ExpArm) in

healthy volunteers. These body regions were selected due

to their large receptive fields (RF) that allow multiple

electrode placements within the same central RF. The

forearm region was chosen over the low back for the sec-

ond experiment due to reasons of practicality. The distri-

bution of RFs on the forearm allowed a fixation of the

multiarray electrode within different RFs. Due to the larger

RFs and a clear distinction on the low back area, the size of

this multiarray electrode is not suitable for distinguishing

effects in different RFs in this body region.

Subjects gave their informed consent prior to their

inclusion in the study according to the 1964 Declaration of

Helsinki (as amended by the 59th General Assembly,

Seoul, 2008; www.wma.net). The protocol was approved

by the local ethics committee. All participants were with-

out any prior or ongoing skin disease, no one was taking

any analgesic medication. Volunteers were not given any

information regarding the theoretical background of this

investigation or possible outcomes.

Two-point discrimination test (2PD)

In order to determine RFs for electrode placement, a 2PD

was performed at the beginning of both experiments. 2PD

is the ability to identify separate regions of perception

evoked from simultaneously stimulating two discrete

regions of the body. This test measures the minimum dis-

tance (two-point threshold) at which two stimuli are per-

ceived as separate (Lundborg and Rosen 2004). This

threshold varies for different body regions and describes

the spatial resolution of a specific skin region (Weinstein

1968). A commercially available compass-type instrument,

commonly used in clinical investigation and specifically

designed for this purpose, was used in the assessment of

2PD in the low back and forearm region. In contrast to the

standard 2PD test protocol, this study did not focus on
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examining cutaneous mechanoreceptors but on nocicep-

tors. Therefore, the two blunt points of the test instrument

were replaced with pricking spikes (tip diameter: 0.5 mm)

that elicited a pinprick-like sensation indicating activation

of Ad nociceptors. All subjects described perceived stim-

ulation as a pinprick-like pain perception. Nerve block

studies demonstrated that pricking pain to punctuate probes

was predominantly mediated by A fiber nociceptors (Zie-

gler et al. 1999). When multiple primary sensory neurons

converge on a single secondary sensory neuron, their

individual RFs merge into a single, large secondary RF

(Silverthorn 2007), referred to as central RF (Fig. 1). The

present psychophysical study examined LFS effects on

central RFs.

According to a standardized protocol, the two spikes of

that specially designed compass were delivered simulta-

neously to the skin. The distance between the two spikes

was adjustable, starting with a separation distance of

10 cm. 2PD was then performed according to a descending

protocol, with decreasing separation distances from 10

down to 1 cm, in 1 cm steps. This procedure was repeated

four times. If two points within the same central RF were

stimulated, the subject perceived only one stimulus. Both

stimuli were separately perceived if the stimulation points

were located in different central RFs (Fig. 1).

Noxious mechanical stimuli were applied to both skin

test areas with approximately 5 s between each application.

Care was taken when touching the skin with two points to

ensure that the stimuli were applied simultaneously and

that both were of equal pressure causing a first ‘‘blanching’’

around the prong in the tested skin area. Several studies

proved that the application force should be very light,

suggesting 10–15 g, which corresponds to the force pro-

ducing the very first small ‘‘blanching’’ around the prongs

(ASHT 1992; Moberg 1990). These 2PD test re-test studies

provided reliable and reproducible results (Dellon et al.

1987; Novak et al. 1993). The application of too much

pressure can influence the result as more pressure will

bring more receptors into the field of stimulation and cause

more deformation on the skin (Moberg 1978).

To reduce the possibility of sensitization and adaptation

to the test stimulus, the examiner avoided touching the

exact same point on the skin more than once during the

testing of that particular area. Care was taken to avoid

touching or moving hair when the test instrument was

applied to the skin. One examiner performed all 2PD tests

in this study. Subjects had to decide immediately if they

felt the sensation of one or two tips by answering ‘‘one’’ or

‘‘two.’’ Discrimination values for each area were consid-

ered to be accurate and reliable when the subject described

perceived sensation as one stimulus in 3 out of 4 successive

applications. These distance values were marked on the

skin resulting in an area representing the central RF loca-

tion. After 2PD, there was a 10 min break in order to allow

the skin recovering from noxious mechanical stimulation.

Results of mechanical noxious 2PD were confirmed by

electrical nociceptive 2PD. Therefore, noxious electrical

stimuli were delivered via two concentric electrodes

simultaneously at constantly increasing distance intervals.

One electrode was fixed at the center of the mechanically

determined and marked RF area, whereas the second one

was moved towards the RF border. The stimulation para-

digm corresponded to the one performed during 2PD test.

Stimulation intensity of the attached electrode was set to

threefold pain threshold. In order to adjust perceived

intensity of both electrodes, subjects were asked to

rate applied electrical stimuli (VRS: 0 = no pain; 100 =

maximum imaginable painful). Electrical 2PD was then

performed with an adequate intensity that elicited the same

rating for both electrodes on a VRS.

ExpBack

Forty sessions were performed on 20 healthy subjects, age

20–37 years (10 women). Subjects were comfortably lying

on an examination coach in a prone position. Two con-

centric electrodes, master electrode (ME) and inner elec-

trode (IE), were fixed within one RF in the area of right

dermatome T12 according to the 2PD (Fig. 2). A third

electrode was adjusted outside this RF (OE) within the area

of right dermatome T8. In order to confirm the aimed

electrode location within and outside the RF, a series of

eight noxious paired electrical stimuli (ISI = 0.1 Hz) were

Fig. 1 Many primary sensory neurons converge onto a single

secondary neuron creating a large secondary receptive field. The

two stimuli will be perceived as a single point when both stimuli fall

within the same secondary receptive field. When fewer primary

neurons converge, secondary receptive fields are smaller. The two

stimuli activate separate pathways and are perceived as distinct

stimuli (modified from Silverthorn 2007)
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applied to electrodes within dermatome T8 and T12 in a

randomized order. Stimulation intensity was adjusted to an

intensity that elicited the same rating on a VRS. Stimuli

were simultaneously applied to both ME and IE within T12

or to ME and OE within T8 and T12, respectively. Subjects

were asked to report if they perceived the stimulation as

two separated stimuli or one single stimulus. Electrode

location was considered as appropriate when error rate was

less than 2 out of 8.

In order to avoid any bias all three electrodes remained

in mechanical contact with the skin regardless of experi-

mental session. Thus, subjects were aware of three fixed

electrodes during all sessions despite changes in the area of

skin receiving electrical stimulation.

Electrical rectangular pulses (2 ms duration) were

applied by a custom-made concentric electrode. This

electrode consists of a small central cathode (1 mm

diameter) and a large ring anode (8 mm inner diameter,

24 mm outer diameter). Due to its special geometry, this

electrode produces high current density at low current

intensities, which allows preferential activation of cutane-

ous Ad fibers. Previous studies indicated a necessity of Ad
fiber activation for LTD induction (Sandkuhler et al. 1997).

LFS with higher intensities, resulting in additional

recruiting of C fibers did not lead to a stronger decrease.

LFS with lower intensities mainly activating large diameter

fibers induced short-term depression but not LTD. A recent

human study with varying LFS stimulation parameters

supported these results by revealing sustained depression of

somatosensory-evoked cortical potentials and pain per-

ception only after clearly painful LFS intensities (Jung

et al. 2009). Application of LFS with an intensity close to

pain threshold did not induce LTD, emphasizing the

importance of sufficient Ad fiber activation compared with

the negligible role of Ab fiber involvement.

Human experimental studies applying local anesthesia,

cortical potentials, and sensorimotor reflexes emphasize

appropriate noxious stimulation by this kind of electrode

(Bromm et al. 1983; Bromm and Meier 1984; Kaube et al.

2000; Katsarava et al. 2006). The electrical stimulation was

performed with a constant current stimulator (Model

DS7A, Digitimer Limited, Hertfordshire, UK). This stim-

ulator can vary the potential difference dependent on the

resistance in order to maintain a constant current output.

ExpArm

Sixty experiments were carried out on the left forearm of

20 healthy volunteers (10 women) that ranged in age from

20 to 36 years. At 1/2 of the measured distance between

wrist joint and antecubital fossa, a square with the size of

the multiarray electrode (5 9 10 cm) was drawn on the

skin (Fig. 3), defined as region of interest (ROI). 2PD was

performed in this ROI in order to characterize the location

of a RF. This RF was subdivided into a central, marginal,

and outlying area by mechanical 2PD and confirmed by

electrical stimulation as described earlier (Fig. 3). A spe-

cially designed multiarray electrode was fixed on the

forearm. This electrode consists of 6 rows with 4 pin

electrodes each, resulting in 24 pin electrodes. In order to

operate all 24 pin electrodes separately, each row is ener-

gized by a particular stimulator that powers 4 pin elec-

trodes. The multiarray electrode was placed according to

2PD with four pin electrodes each in central (cRF), mar-

ginal (mRF), and outlying (oRF) RF.

Electrical stimulation

At first, individual thresholds for pain (IP) were determined

for each electrode site. Therefore, two series of electrical

pulses with decreasing and increasing stimulus intensity

each were applied using increments of 50 lA according to

the method of limits. In ExpBack, test stimulus intensity

was adjusted to an intensity of about fourfold IP, resulting

in a mean VRS rating of 23. Due to the special design of

the multiarray electrode in ExpArm (4 pin electrodes), test

stimulus intensity was set to threefold IP in order to obtain

a comparable rating on the VRS for ExpBack. A series of

five test stimuli (0.05 Hz) were applied (predummy) in

order to familiarize subjects with the rating procedure. Two

series of test stimuli (0.05 Hz) were then repeated before

(preseries) and after (postseries) conditioning LFS (Fig. 4).

Conditioning noxious LFS was applied with a frequency of

1 Hz for 20 min, i.e., 1,200 pulses, with the same intensity

as test stimuli. This stimulation paradigm was recently

demonstrated to be most effective for LTD induction of

nociception in man (Jung et al. 2009).

Test stimulation for ExpBack was always applied to

ME, whereas LFS was either applied to IE within the same

RF as ME (LFS IE) or OE (LFS OE) outside this RF

(Fig. 2). Due to the modified electrode design, test and

conditioning stimulation during ExpArm were applied via

Fig. 2 Electrode positioning during ExpBack. Two concentric elec-

trodes, master electrode (ME) and inner electrode (IE), were fixed

within one receptive field (RF) of right dermatome T12 according to

the 2PD. A third concentric electrode was adjusted outside this RF

(OE) within right dermatome T8
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four pin electrodes of the multiarray electrode. Test stim-

ulation for ExpArm was always applied to cRF electrodes,

whereas LFS was applied to electrodes located in cRF,

mRF, or oRF (Fig. 3). Each subject participated in all three

LFS sessions in a randomized order. During both experi-

ments, volunteers were asked to rate stimulus intensity

according to a VRS.

Data analysis and statistics

Pain ratings recorded in all test stimulus series were

expressed as absolute data. Data were described by arith-

metic mean and standard error of mean (sem), by median,

5th, 25th, 75th, and 95th percentiles (box plot). Ratings

were examined by 2-way repeated measures (RM)

ANOVA (F, P value). Factor 1 was the time course com-

paring test stimulation series (pre and post); factor 2 was

site of LFS application (IE vs. OE in ExpBack, and cRF vs

mRF vs. oRF in ExpArm). Subsequently, Student–New-

man–Keuls post hoc test was conducted (Difference of

means = DM, P value).

Statistical analysis of IP pre at different electrode sites

for ExpBack within the same experiment (Fig. 4) was

performed by Friedman repeated measures ANOVA (Chi-

square = V2, P value). IP pre of the same electrode for

different experiments was compared by Wilcoxon Signed

Rank test (W and P value). Friedman repeated measures

ANOVA (Chi-square = V2, P value) was performed in

order to compare IP pre of all electrodes for all three

experimental sessions in ExpArm.

P values of \ 0.05 were regarded to be significant. The

SigmaStat� software 3.1 (SPSS Inc., Chicago, Illinois,

USA) was applied.

Results

Effects of LFS application within different receptive fields

on the low back and forearm were investigated. Thirty-

three healthy volunteers participated in two different

experiments defined as ExpBack and ExpArm. In all 100

experimental sessions, sensory thresholds and pain per-

ception ratings were recorded. The central RF locations of

Fig. 3 Electrode positioning during ExpArm. At 1/2 of the measured

distance between wrist joint and antecubital fossa, a square was drawn

on the skin, defined as region of interest (ROI). 2PD was performed in

this ROI as described earlier in order to characterize the location of a

receptive field (RF). This RF was subdivided into a central, marginal,

and outlying area. The multiarray electrode was placed according to

2PD with four pin electrodes each in central (cRF), marginal (mRF),

and outlying (oRF) receptive field

Fig. 4 Stimulation protocol for testing spatial organization of LTD

on the low back a and on the left forearm b in human volunteers. Five

test stimuli (0.05 Hz) represent a test stimulation series. The first

series of five test stimuli (0.05 Hz) was defined as dummy series. Two

series of test stimuli (0.05 Hz) were repeated before (preseries) and

after (postseries) conditioning LFS. Exp Back a Test stimulation was

always applied to master electrode (ME) whereas LFS (1,200 pulses,

1 Hz, fourfold IP) was applied to inner electrode (IE) or outer

electrode (OE) during 2 separate sessions. ExpArm b Test stimulation

was always applied to central receptive field (cRF), whereas LFS

(1,200 pulses, 1 Hz, threefold IP) was applied to central (cRF),

marginal (mRF), and outlying receptive field (oRF)
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the low back and forearm region obtained from mechanical

2PD were confirmed after electrical RF determination.

Mechanically and electrical determined RF sizes showed

an average length of around 6 cm in the low back area and

4 cm on the forearm region. Due to different electrode

designs in ExpBack and ExpArm stimulation, intensity of

test stimulation and LFS within the two experiments var-

ied. Test and conditioning stimulation were performed with

fourfold IP in ExpBack and threefold IP in ExpArm. Pre-

liminary testing aimed at obtaining ratings within a similar

rating magnitude for both kinds of electrodes.

Stimulus intensities elicited a definite pinprick-like

painful sensation in all subjects during both experiments.

No gender differences were found. Statistics revealed no

differences between volunteers who started with LFS IE or

OE and LFS cRF, mRF, or oRF, respectively. Mean pain

ratings of test stimuli for ExpBack under precondition were

23.4 ± 2.3 and 31.5 ± 3.3 for ExpArm, respectively.

ExpBack (n = 20)

Twenty subjects participated in LFS IE and OE in a ran-

domized order. LFS was applied to either inner (IE) or

outer (OE) electrode, whereas test stimulation series were

always applied to master electrode (ME). Mean test stim-

ulus intensity (IS) of ME for LFS IE was 3.2 ± 0.2 mA

(mean ± sem). Conditioning LFS to IE was applied with a

mean IS of 2.8 ± 0.2 mA. Mean IS for ME during LFS OE

experiment was set to 2.8 ± 0.2 mA. LFS stimulation

intensity for LFS OE was adjusted to 2.4 ± 0.1 mA. All

intensities corresponded to fourfold IP. Statistical compar-

ison demonstrated no differences between pain thresholds

under precondition within and between LFS IE and OE

experiment (Table 1).

Rating statistics revealed significant interaction between

time and site of LFS application (F = 31.9, P \ 0.001).

Comparison of ME pre- and posttest stimuli rating

indicated a significant pain reduction after LFS application

to IE (DM = 6.9, P \ 0.001 whereas LFS to OE did not

induce any rating changes at ME (Fig. 5). Statistics

revealed a stronger pain perception depression after LFS IE

compared with LFS OE (DM = 5.4, P \ 0.01). No dif-

ference in rating was found under precondition between

LFS IE and LFS OE.

ExpArm (n = 20)

Sixty randomized sessions were performed in 20 healthy

volunteers in order to obtain information about the location

of involved RF areas in LTD induction. LFS was either

applied to central (cRF), marginal (mRF), or outlying area

(oRF) of the RF, whereas test stimulation was always

applied to centrally located electrodes (cRF). Mean IP of

cRF electrodes for LFS cRF experiment was

0.8 ± 0.1 mA. LFS mRF and oRF both resulted in an IP of

1.0 ± 0.1 mA (Table 1). Statistical comparison demon-

strated no differences between IP of cRF under precondi-

tion between the three different experiments. Mean test

stimulation intensity was set to 2.8 mA corresponding to

threefold IP (0.9 ± 0.1 mA). Conditioning LFS to cRF was

applied with a mean IS of 2.5 ± 0.2 mA, corresponding to

threefold IP (0.8 ± 0.1 mA), to mRF with 2.8 ± 0.2 mA

(IP: 0.9 ± 0.1 mA), and to oRF with 2.4 ± 0.1 mA (IP:

0.8 ± 0.1 mA).

Rating statistics revealed significant interaction between

time and site of LFS application (F = 7.6, P \ 0.01). LFS

significantly suppressed pain ratings in all three experi-

ments (cRF: DM = 8.5, P \ 0.001; mRF: DM = 5.4,

P \ 0.001; oRF: DM = 2.7, P \ 0.05) (Fig. 6). However,

comparison of postrating within the three sessions showed

significant differences between LFS oRF and LFS cRF

(DM = 5.8, P \ 0.05) and mRF (DM = 4.9, P \ 0.05).

Reduction in pain perception was strongest after LFS cRF

and mRF compared with LFS oRF. Effects after LFS

Table 1 Electrical pain thresholds (IP) of ExpBack (n = 20) and ExpArm (n = 20)

ExpBack ME IE OE Friedmann RM ANOVA

IP (mA) LFS IE 0.79 ± 0.15 0.69 ± 0.07 0.64 ± 0.05 n.s.

IP (mA) LFS OE 0.71 ± 0.08 0.62 ± 0.07 0.62 ± 0.04 n.s.

Wilcoxon Signed Rank Test n.s. n.s. n.s.

ExpArm LFS cRF LFS mRF LFS oRF Friedmann RM ANOVA

Electrode cRF cRF mRF cRF oRF

IP (mA) 0.84 ± 0.12 0.95 ± 0.09 0.92 ± 0.09 1.01 ± 0.11 0.81 ± 0.05 n.s.

ExpBack: Pairwise statistical comparison between LFS IE and LFS OE conditions within the same electrode (line: t test, Wilcoxon Signed Rank

test) and statistical comparison of all electrode sites under precondition (column: Friedman repeated measures ANOVA)

ExpArm: Statistical comparison of all electrode sites (cRF, mRF, oRF) under precondition (column: Friedman repeated measures ANOVA).

Thresholds are given as mean and standard error of mean
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application to cRF and mRF did not statistically differ. No

difference in rating was found under precondition between

LFS cRF, mRF, and oRF.

Discussion

The present study demonstrates sustained pain reduction

after LFS application to different RFs on the forearm and

low back. The idea of focusing on the specific involvement

of different RF areas in human LTD induction is the unique

feature of this study. For the first time, it was shown that

the most efficient LTD effect was obtained in the central

and marginal area of the RF compared with the less

affected outlying area on the forearm. A similar conclusion

accounts for the low back experiment. A pain depression

was exclusively found within the same central RF whereas

the outlying area was not affected. As LFS was able to

decrease a pain rating of test stimuli that were applied to a

different electrode location, this phenomenon can be

referred to as heterotopic pain reduction. Both experi-

mental setups include electrical stimulation to different

electrode locations and therefore indicate a heterotopic

pain depression within the same central RF which cor-

roborates the proposed hypothesis.

In ExpBack, pain, perception was exclusively inhibited

after LFS application within the same RF but did not

change after LFS application to a distinct dermatome.

These results are congruent with data from in vitro studies

that showed pure homotopic LTD of the electrically con-

ditioned pathway in various brain regions including hip-

pocampus (Dudek and Bear 1992; Mulkey and Malenka

1992; Kerr and Abraham 1995), visual cortex (Kirkwood

et al. 1993), and amygdala (Wang and Gean 1999). Liter-

ature suggests that LTD is input specific and confined to

the stimulated synapses. Electrical LFS of one afferent

input to a postsynaptic neuron selectively evoked LTD of

the same synapse (Dudek and Bear 1992; Mulkey and

Malenka. 1992; Chen and Sandkuhler 2000).

However, differences in the experimental setup between

the present study and the described in vitro literature need

to be discussed. In animal studies, LFS with Ad fiber

intensity was applied to primary afferent fibers of the

dorsal root. Intracellular recordings from rat dorsal horn

neurons showed homosynaptic LTD at the synapse

between Ad fibers and second-order neurons in the super-

ficial spinal dorsal root (Chen and Sandkuhler 2000). Even

though the results from this study are consistent with those

data, restrictions of experimental setups in human experi-

ments should be taken into consideration. The described in

vitro experiments focused on effects on the first nocicep-

tive synapse whereas this study provides information about

involved RFs of higher-order neurons. Many axons from

primary neurons converge onto a single second-order

sensory neuron in the dorsal horn. This information is

conveyed via third-order neurons to the cerebral cortex

where sensory perception occurs. Consequently, RFs of

second- and higher-order sensory neurons are larger and

Fig. 5 Comparison between LFS to inner electrode (IE) and outer

electrode (OE) in 20 volunteers during ExpBack. Test stimulation was

always applied to master electrode (ME). Box plot shows grand mean

average of absolute pain rating data under test stimulation before and

after LFS IE (preIE, postIE) and before and after LFS OE (preOE,

postOE). Rating under LFS IE revealed a significantly stronger

decrease than under LFS OE. Solid line indicates median value,

dotted line shows mean value. Asterisks mark significant changes as

analyzed by (time course and site of LFS application) two-way

repeated measures ANOVA (**P \ 0.01, ***P \ 0.001)

Fig. 6 Comparison between LFS to central receptive field (cRF),

marginal RF (mRF), and outlying RF (oRF) in 20 volunteers during

ExpArm. Test stimulation was always applied to cRF. Box plot shows

grand mean average of absolute pain rating data under test stimulation

before and after LFS cRF (precRF, postcRF), mRF (premRF,

postmRF), and oRF (preoRF, postoRF). Rating under LFS cRF and

mRF revealed a significantly stronger decrease than under LFS oRF.

Solid line indicates median value, dotted line shows mean value.

Asterisks mark significant changes as analyzed by (time course and

site of LFS application) two-way repeated measures ANOVA

(*P \ 0.05, **P \ 0.01, ***P \ 0.001)
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more complex than those of receptor neurons as they

receive convergent input from many hundreds of receptors,

each with a slightly different but overlapping primary RF.

Thus, present data give rather evidence about central RF

involvement in LTD induction than information about

possible homosynaptic mechanisms.

Results of ExpBack are in agreement with recently

published studies in human volunteers investigating spatial

organization of LTD. Application of LFS to right-hand

dorsum solely depressed rating on right hand but had no

effect on left-hand rating. Stimulation of radial side of

right-hand dorsum exclusively decreased perception on

radial but not on ulnar side of the same hand (Rottmann

et al. 2008). In contrast to this homotopic organization in

the spinal system, investigations in the trigeminal system

revealed a heterosynaptic LTD (Yekta et al. 2006). The

trigemino-facial blink reflex (BR) was used as a model to

monitor spatial organization of nociceptive processing

within the brainstem (Schorr and Ellrich 2002). LTD-

inducing electrical stimuli were found to elicit bilateral,

heterotopic LTD of the BR also on the unstimulated side.

In contrast, pain perception solely decreased after ipsilat-

eral LFS but was not affected after contralateral LFS

(Yekta et al. 2006). Long-term depression of the BR by

contralateral LFS may be due to bilateral projections of

craniofacial nociceptive afferents onto sensory neurons of

the spinal trigeminal nucleus that is known to be excep-

tionally convergent (Sessle et al. 1986; Ellrich et al. 1998;

Sessle 2000). The divergent effect on pain perception

might be explained by a preferential contralateral projec-

tion of nociceptive afferents onto reflex interneurons but

not onto trigeminothalamic projection neurons. An elec-

trophysiological study in rats that recorded secondary

sensory neurons in the spinal trigeminal nucleus with

afferent input from the ipsilateral supraorbital region

(Ellrich and Messlinger 1999) supported a bilateral pro-

jection. Results showed that the majority of neurons

received excitatory input from the contralateral face as well

as the ipsilateral supraorbital nerve area. These described

anatomical differences between the spinal and the trigem-

inal nociceptive pathways might explain the demonstrated

differing results for spatial organization of LTD.

A subsequent study focused on the unilateral trigeminal

neural integration of the forehead (Aymanns et al. 2009).

The effect of noxious LFS that was applied to all three

sensory branches of the trigeminal nerve on the BR at the

forehead was investigated in healthy man. Trigeminal

nociception and pain were inhibited by homotopic LFS at

the forehead but not after heterotopic LFS of infraorbital

and mental nerve skin afferents.

These studies indicate that spatial organization under-

lying this prolonged antinociception in man is still not well

understood. Due to the small size of RFs on the

investigated hand dorsum and face region, respectively, it

was hardly possible to selectively stimulate skin area that is

innervated by terminals of only one receptor neuron.

Hence, previous human studies exclusively allowed con-

clusions about homotopic effects and could not provide

information about involved central RFs.

According to the sensory homunculus, the forearm and

low back were chosen for this study as central RFs in these

areas are relatively large adding up to 40 mm (Penfield and

Jasper 1954; Weinstein 1968). Thus, these large RFs allow

a fixation of electrodes apart from each other within and

outside the same RF. A concentric electrode design was

applied that previously proved a preferential activation of

nociceptive Ad fibers (Kaube et al. 2000; Katsarava et al.

2006). In order to increase the stimulation area, the general

design of this electrode was copied and modified resulting

in a multiarray electrode. The size of RFs at forearm in

combination with a multiarray electrode allowed a specific

pin electrode positioning in different RF areas. Conse-

quently, the involvement of these areas in LTD induction

could be investigated very precisely.

2PD is a well-established property of the sensory sys-

tems in order to discriminate and separate mechanical and

noxious inputs (Dellon et al. 1987). Information regarding

mechanical sensitive RF distribution in humans is very

broad (Weinstein 1968). However, literature focusing on

the distribution of nociceptive RFs in human is still rare

(Price et al. 1989). According to the study hypothesis, the

2PD was performed with a compass that featured two

pricking spikes in order to define nociceptive RFs. How-

ever, the corresponding electrical RF shape might differ

from the RF size determined by physical perturbation of

the mechanoreceptor. Therefore, each RF obtained by

compass testing was confirmed with electrical stimulation.

Electrically and mechanically determined RFs strongly

resembled.

As this experimental setup did not include a precise

measurement of RF size before and after LFS, it is difficult

to judge the impact of RF plasticity caused by LTD

induction. Even though this phenomenon seems rather

unlikely, it cannot be completely ruled out. Further inves-

tigation is needed to uncover the effects of LTD on dif-

ferent nerve fiber functions and RF size and shape.

In ExpBack, LFS application on OE had no effect on

ME, whereas in ExpArm, application of LFS on oRF

resulted in a pain reduction in cRF. One reason for these

opposed results for the outlying RF area might be differ-

ences in the distance to the central electrodes. During

ExpBack, OE was placed with a minimum distance of

12 cm to the ME. Additionally, electrodes were placed

within two different dermatomes (T8 and T12). Conse-

quently, the electrode that was receiving test stimuli (ME)

was cardinally separated from the electrode where LFS was

196 Exp Brain Res (2011) 212:189–198
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applied to (OE), ruling out a possible involvement of the

same central RF. In contrast, the design of the multiarray

electrode did not allow such a distant separation of oRF

and cRF. Here, the distance between cRF and oRF was not

more than 4 cm which might explain a possible influence

of LFS applied to oRF on pain suppression at cRF.

Due to the multiarray electrode design, the largest dis-

tance between electrodes that receive test stimuli and the

electrodes that received conditioning LFS was 4 cm. This

fact and the corresponding results might indicate that both

electrode positions might still be under the influence of the

same expansive RF. In contrast, electrodes during low back

experiments were located in two different dermatomes and

the separation distance between these electrodes was

approx. 12 cm, therefore ruling out any influences of the

same receptive field.

Descending nociceptive pathways were recently shown

to play a role in LTD induction (Liu et al. 1998; Rottmann

et al. 2010b). In rats under general anesthesia, prolonged

burst Ad fiber stimulation evoked decreased field potentials

with intact descending pathways. In contrast, the same

conditioning stimulation induced long-term potentiation in

spinalized animals (Liu et al. 1998). This finding empha-

sizes the necessity of intact descending nociceptive path-

ways as they seem to be a prerequisite for the onset of an

analgesic effect after LFS application. The significance of

top down modulation via the descending analgesic path-

ways in LTD induction was further confirmed by a recently

performed imaging study. This fMRI study in humans

indicated an involvement of peripheral and central pro-

cesses in LTD (Rottmann et al. 2010b). On one hand, LFS

reduced synaptic transmission at nociceptive synapse. On

the other hand, a positive correlation between pain relief

and increased cerebral activation of brain areas that are

involved in the endogenous pain control mechanisms after

LFS was shown. Consequently, it seems inevitable to select

an experimental setup that is able to take pre- and post-

synaptic influences of LTD on pain perception into

consideration.

The presented observations support the hypothesis that

LTD is restricted to the RF where LFS is applied. Data

indicate that noxious LFS is able to induce LTD not only at

the exact stimulation site but also within a certain area of

the same central RF. The applied optimized electrode

design showed the strongest LTD effect in the marginal

and central RF area compared with the outlying region.

These findings play an important role for future introduc-

tion of this electrostimulation in clinical use. By develop-

ing an electrode array that is able to stimulate a wide skin

area, this non-pharmacological treatment can induce a

more widespread analgesic effect corresponding to the

dimension of the involved central RFs. Consequently,

profound knowledge about RF involvement on LTD in

humans is crucial in order to judge the quality of LFS as a

possible neuromodulatory treatment of pain.
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