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Abstract

To investigate plastic changes in nociceptive sensitivity of the dorsal horn, slow excitatory responses elicited by iteration of high-frequency

stimulation were spatiotemporally observed in spinal cord slices of young-adult rats using membrane excitation imaging techniques. Single-pulse

stimulation to the dorsal root elicited membrane excitation in lamina II, and high-frequency pulse-train stimulation evoked long-lasting excitation

that expanded widely in the dorsal horn. Iteration of high-frequency stimulation enhanced the strength and extent of the excitatory responses, but

such augmentation of the excitatory responses disappeared in the presence of an NMDA receptor antagonist (CPP) and was hindered by an NK1

receptor antagonist (L-703.606). The results suggest that activation of both NMDA and NK1 receptors is involved in the enhancement of slow

excitatory responses evoked by iteration of high-frequency stimulation.
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Hyperalgesia is attributed to plastic sensitivity changes in

nociceptors in the spinal cord. Neuronal sensitization, known as

long-term potentiation, was reported in the spinal dorsal horn

(Randić et al., 1993), and this sensitization is thought to be C-

fiber-evoked hyper-excitability mediated by activation of

NMDA-type glutamate receptors (Lui and Sandkuhlar,

1995). Among the candidates for the nociceptive transmitter,

substance P is known as a slowly effecting neurotransmitter that

acts for hundreds of milliseconds to minutes (Greengard, 2001;

Woolf and Wiesenfeld-Hallin, 1986). Co-operation of gluta-

mate and substance P is suggested to have an important role in

the plastic changes in nociceptive sensitivity of the dorsal horn

(Wu et al., 2004; Ikeda et al., 2003; MacDermott et al., 1999;

Xu et al., 1992).
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It is natural to consider that changes in nociceptive

sensitivity may accompany changes in the extent of the region

showing excitatory responses to afferent signal input in the

dorsal horn. Spatial information may be valuable for under-

standing the integrated function of the region of interest. Many

previous studies have carried out spatial analyses of neuronal

activity in the dorsal horn by means of imaging techniques

using potential-sensitive dyes and a high-speed video system

(Ikeda and Murase, 2004; Okada et al., 2001; Yoshida et al.,

2003; Ikeda et al., 2003, 1998; Tanifuji et al., 1994). Although

most of these studies were performed using very young animals

(less than postnatal 5 weeks), changes in the responses to

stimulation during several postnatal weeks were found in the

trigeminal subnucleus caudalis (Seo et al., 2005). The

properties of such excitatory activities in the dorsal horn of

mature animals remain to be investigated.

In the present study, we used spinal cord slices of young-

adult (postnatal 6–8 weeks) rats and spatiotemporally observed

the excitation propagation in the dorsal horn elicited by
science Society. All rights reserved.

uency stimulation enhances long-lasting excitatory responses in the

ropagation, Neurosci. Res. (2006), doi:10.1016/j.neures.2006.11.011

mailto:naochan@clg.niigata-u.ac.jp
http://dx.doi.org/10.1016/j.neures.2006.11.011
http://dx.doi.org/10.1016/j.neures.2006.11.011


M. Ogawa et al. / Neuroscience Research xxx (2006) xxx–xxx2

+ Models

NSR-2582; No of Pages 6
single-pulse or high-frequency stimulation to the dorsal root.

Furthermore, we visually represented the plastic changes in

excitatory responses by iteration of high-frequency stimulation.

The roles of the NMDA receptor and NK1 receptor (a receptor

subtype for substance P) in the hyper-excitable changes are

discussed.

The protocol of these experiments was approved by the

Niigata University Animal Care and Use Committee.

Spinal cord slices were prepared according to the method of

Yoshimura (1996). In brief, the lumbosacral spinal cord was

removed from Wister rats (male, aged 6–8 weeks) following

anesthesia with urethane (2000 mg/kg, i.p.), and cooled in ice-

cold Krebs solution (in mmol/L: 117 NaCl, 3.6 KCl, 1.2

NaH2PO4, 1.5 CaCl2, 1.2 MgCl2, 25 NaHCO3 and 11 glucose)

equilibrated with 95% O2–5% CO2. The spinal cord was cut

using a vibrating tissue slicer (TDK-1000; Dosaka, Kyoto,

Japan) to prepare 600–650 mm thick transverse slices contain-

ing the dorsal root.

Before optical measurements, each spinal cord slice was

incubated in Krebs solution containing 0.05% RH414

(Molecular Probes, Oregon, USA) for 5 min. Next, the dyed

slice was placed in a measurement chamber on the stage of an

inverted microscope (IX-70; Olympus, Tokyo, Japan) and

superfused with oxygenated Krebs solution. Each preparation

was illuminated with an excitation wavelength (520–560 nm)

from two 150 W tungsten lamps. Fluorescence emitted from the

slice through a bandpath filter (660–710 nm) was detected with

a high-speed camera. Since the fluorescence intensity of

RH414-stained slices was weaker in lamina II than in the

surrounding regions (laminae I and III), lamina II was identified

as a darker region in fluorescence images of the spinal dorsal

horn.

Electrical single-pulse stimulation (current: 2.5 mA, dura-

tion: 0.5 ms) and high-frequency stimulation (current: 2.0 mA,

duration: 0.1 ms) comprising 30 pulses at 100 Hz were applied

through a suction electrode attached to the dorsal root. Both A-

and C-fibers were thought to be stimulated by these stimulation

modes (Baba et al., 1999). Iterated high-frequency stimulations

were given at 10-min intervals to allow recovery from tetanic

stimulation-induced changes in the optical density of the tissue

slice (Murase et al., 1998). Application of an AMPA/kainate-

type glutamate receptor antagonist (CNQX), an NMDA-type

glutamate receptor antagonist (CPP) or an NK1 receptor

antagonist (L-703.606) was started 5 min before the first high-

frequency stimulation and ended after optical measurement for

the third stimulation.

Recordings and analyses of membrane excitation images

were performed as described previously (Seo et al., 2005). In

brief, changes in fluorescence in response to electrical

stimulation were recorded using an HR Deltaron-1700 image

processor (Fujifilm, Tokyo, Japan) equipped with a photodiode

array camera with 128 � 128 pixels (Ichikawa et al., 1993). For

imaging of responses to single-pulse stimulation, the fluores-

cence signal every 0.6 ms was subsequently recorded. The

signals were accumulated for 16 trials and averaged to produce

a series of membrane excitation images. Excited regions where

the fluorescence intensity decreased by more than twice the
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standard deviation of its distribution in images before

stimulation were represented by superimposing a dark shadow

on the fluorescence image of the recorded slice.

For imaging of responses to high-frequency stimulation, the

fluorescence signal every 4.8 ms was subsequently recorded

without accumulation or averaging. Since it took about 2.5 s to

record a series of membrane excitation images for one trial,

photobleaching of the potential sensitive dye could not be

neglected. Apparent excited regions were extracted by the same

method as used in the analysis of responses to single-pulse

stimulation. To compensate for the effects of photobleaching,

corrected membrane excitation images were constructed by

subtracting the images recorded without stimulation from those

with stimulation. Corrected excited regions were displayed as a

dark shadow superimposed on the fluorescence image of the

slice.

Moreover, slowly proceeding changes in the optical signal

(translucence of the slice preparations) for several seconds or

more were observed in the spinal dorsal horn after intense

stimulation. These changes were attributed to non-neuronal

activities, e.g., depolarization of glial membranes (Takahashi

and Tsuruhata, 1987) and cell swelling (Murase et al., 1998;

Vargová et al., 2001). To avoid the effects of such slow optical

changes caused by non-neuronal activity, image data were

analyzed up to 1.2 s after the start of the stimulation.

The area of dark-shadowed regions 750 ms after the start of

the stimulation was compared between the first and second or

third stimulations using a paired t-test. Changes in the area in

the presence or absence of an antagonist were compared by an

unpaired t-test. A p-value of less than 0.05 was considered

significant.

Single-pulse stimulation to the dorsal root evoked mem-

brane excitation at the root-entry sites of laminae II and III, and

the excitation subsequently propagated throughout lamina II

and the deeper laminae over a few milliseconds, before

gradually diminishing as shown in Fig. 1b. The response to

single-pulse stimulation was reproduced for at least 1 h after the

first recording. Time-traces of the fluorescence changes, which

corresponded to membrane excitation, showed an initial spike

followed by a sustained phase in lamina II, with weak but

similar responses in lamina III (Fig. 1c). The response to single-

pulse stimulation was inhibited by CNQX, but not by CPP or L-

703.606 (data not shown).

The first repetitive stimulation with high-frequency

(100 Hz) pulses to the dorsal root induced long-lasting

membrane excitation initially in lamina II, and the excitation

was subsequently widely propagated to the superficial and

deeper laminae of the dorsal horn where it lasted for a few

seconds (Fig. 2a). This long-lasting excitation was also induced

by stimulation with 30 pulses of stimulation at 50 Hz, but not at

10 Hz (data not shown).

Iteration of high-frequency stimulation promoted an

extensive excitatory response not only in lamina II, but also

in lamina I and the deeper laminae of the dorsal horn (Fig. 2a).

Increases in both the excited regions and fluorescence changes

were observed in the optical responses to the second

stimulation, which was given 10 min after the first stimulation.
uency stimulation enhances long-lasting excitatory responses in the
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Fig. 1. A slice preparation of rat spinal cord and its optical signals demonstrating membrane excitation. (a) The dorsal root was stimulated using a suction electrode

and optical recording was performed at the area surrounded by the square. (b) Regions of membrane excitation were represented by dark shadows and superimposed

on the fluorescence image of the slice preparation. (c) Time-scan traces of the fluorescence signals at the circles in laminae II and III (top left figure in b).
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Further enhanced propagation of excitation was observed at the

third stimulation, which was given 10 min after the second

stimulation.

Membrane excitation images showing an excited region at

750 ms after the start of high-frequency stimulation are shown

in Fig. 3a. In normal Krebs solution, the area of the excited

region at 750 ms increased by +0.050 � 0.037 mm2 ( p < 0.01,

n = 10) after the second stimulation and +0.105 � 0.050 mm2

( p < 0.01) after the third stimulation compared with that at the

first stimulation. In the presence of an AMPA/kainate-type

glutamate receptor antagonist (10 mmol/L CNQX), long-

lasting excitation was also augmented and propagated by

iteration of high-frequency stimulation. The area of the excited

region increased by +0.054 � 0.10 mm2 ( p < 0.05, n = 4) after

the second stimulation and +0.091 � 0.057 mm2 ( p < 0.01)

after the third stimulation. In contrast, long-lasting excitation in
Please cite this article in press as: Ogawa, M. et al., Iteration of high-freq
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response to high-frequency stimulation was not enhanced or

extended by iteration of stimulation in the presence of an

NMDA receptor antagonist (10 mmol/L CPP) or NK1 receptor

antagonist (5 mmol/L L-703.606). The area of the excited

region decreased by�0.039 � 0.080 mm2 (n.s., n = 4) after the

second stimulation and �0.041 � 0.088 mm2 (n.s.) after the

third stimulation in the presence of CPP, and by

�0.030 � 0.040 mm2 (n.s., n = 4) after the second stimulation

and�0.067 � 0.039 mm2 ( p < 0.05) after the third stimulation

in the presence of L-703.606.

Moreover, in the presence of L-703.606, the changes in the

area of the excited region elicited by the second or third

stimulation compared with the first stimulation were sig-

nificantly ( p < 0.05) smaller to those in normal Krebs solution.

The slow excitation in lamina I was markedly enhanced in

control slices, whereas it was inhibited in the presence of an
uency stimulation enhances long-lasting excitatory responses in the
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Fig. 2. (a) Membrane excitation images of the long-lasting excitation produced by iterated high-frequency stimulation (three stimulations at 10-min intervals). A dark

shadow is shown after compensation for photobleaching. (b) Time-scan traces of the fluorescence signals at the points shown by the circles at 0 ms. The traces of the

fluorescence changes are shown without compensation for photobleaching.
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NK1-antagonist (L-703.606), as indicated by the arrowhead

(Fig. 3).

Single-pulse stimulation to the dorsal root evoked mem-

brane excitation at the root-entry sites of laminae II and III, and

the excitation then propagated all over lamina II. Due to its

short latency, the initial response, appearing as spike-like

fluorescence changes, may correspond to presynaptic excitation

and/or action potential elicitation by afferent A-fiber activation.

The following excitation may correspond to the integration of

postsynaptic potentials in response to A- and C-fiber inputs.

Two-phase excitation in the dorsal horn was also reported by

Ikeda et al. (1998), suggesting that the excitation was elicited

by the activation of both A- and C-fibers.

High-frequency stimulation comprising 30 pulses at 100 Hz

produced long-lasting and widely propagating excitation

extending to laminae I and II and the deeper laminae. This

response is very similar to the excitation propagation evoked

by high-frequency stimulation in the trigeminal subnucleus

caudalis (Seo et al., 2003). Activation of A- and C-fibers by

high-frequency stimulation elicits neurotransmitter release,

including glutamate and substance P, from these afferent

terminals (Malcangio et al., 1998; Kangrga and Randić, 1990).

Hence, activation of NMDA and/or NK1 receptors may be
Please cite this article in press as: Ogawa, M. et al., Iteration of high-freq
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prominent and produce long-lasting and widely extended

excitation, similar to the long-lasting electrical activity

reported in mammalian spinal dorsal horn neurons (Yang

and Li, 2000; Yajiri et al., 1997; Yoshimura, 1996). Moreover,

substance P is known as a slowly effecting neurotransmitter

that acts for hundreds of milliseconds to minutes (Greengard,

2001).

In our experiments, the inhibition of slow excitation

propagation by application of an NK1 antagonist (L-703.606:

5 mmol/L) for more than 20 min supports the suggestion that

substance P may be an important mediator of the long-lasting

and widely extended excitation. The finding that the NK1

receptor antagonist markedly reduced the high-frequency

stimulation-elicited excitation in lamina I suggests that an

NK1 receptor agonist (e.g. substance P) predominantly induces

long-lasting depolarization in the superficial lamina of the dorsal

horn. Previous evidence indicating that substance P is a

neurotransmitter released from C-fiber terminals (Otsuka and

Konishi, 1976) and that NK1 receptors are densely distributed in

laminae I and III–V (Morris et al., 2004; Takahashi and Otsuka,

1975) also supports that substance P is an important mediator for

producing long-lasting and widely extended excitation in the

dorsal horn.
uency stimulation enhances long-lasting excitatory responses in the
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Fig. 3. (a) Membrane excitation images of the dorsal horn at 750 ms after the start of high-frequency stimulation in normal Krebs solution and in the presence of

CNQX, CPP or L-703.606. Note that the inhibition by the NK1 antagonist is particularly remarkable in lamina I, as indicated by the arrowhead. (b) Changes in the area

of the excited region at 750 ms after the start of the stimulation by iteration of high-frequency stimulation. *p < 0.05, **p < 0.01 vs. the first stimulation (paired t-test);
#p < 0.05 vs. the control (unpaired t-test).
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It is interesting that iteration of high-frequency stimulation

at 10-min intervals enhanced the excitatory response in the

dorsal horn. This enhancement was even observed in the

presence of an AMPA/kainite-type glutamate receptor antago-

nist, but not in a solution containing an NMDA-type glutamate

receptor antagonist or NK1 receptor antagonist. Furthermore,

this enhancement extends widely to the superficial and deeper

laminae of the dorsal horn, where NK1 receptors are

distributed. This implies that activation of both NMDA and

NK1 receptors is involved in the induction of the enhancement

of excitability. The extensive excitation in the dorsal horn

appears to be similar to the neuronal sensitization previously

reported as long-term potentiation (Randić et al., 1993) or the

wind-up phenomena produced by summation of postsynaptic

excitation, including activation of NMDA receptors (Li et al.,

2000).

It has been reported that NMDA receptor activation

contributes to substance P release from the terminals of

nociceptive inputs (MacDermott et al., 1999). Conversely,
Please cite this article in press as: Ogawa, M. et al., Iteration of high-freq
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sustained potentiation of NMDA-induced inward currents

induced by substance P was reported in the spinal dorsal root

ganglion (Wu et al., 2004) and dorsal horn neurons (Randić et al.,

1990). Anatomical evidence has revealed that substance P-

containing axon terminals are presynaptic to NMDA receptors in

the superficial layers of the dorsal horn (Aicher et al., 1997).

These findings indicate that NK1 receptor activation induces the

enhancement of NMDA receptor-mediated excitation in the

dorsal horn, and vice versa (Urban et al., 1994). In our

experiments, high-frequency stimulation is considered to be

strong enough to activate both A- and C-fibers, and therefore

glutamate and substance P may be released from the terminals

and accumulate during stimulation (Malcangio et al., 1998). This

may produce synergistic activation of NMDA and NK1 receptors

(Kangrga and Randić, 1990), inducing enhanced excitation by

the iteration of high-frequency stimulation.

The precise mechanisms for these phenomena remain to be

clarified. However, these widely extensive plastic changes in

the neuronal excitability of the dorsal horn may underlie the
uency stimulation enhances long-lasting excitatory responses in the
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hypersensitivity to nociceptive stimulation known as central

sensitization in the spinal cord.
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