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Abstract
Under physiological conditions, nociceptive information is mainly processed in superﬁcial laminae of the spinal dorsal horn,
whereas non-nociceptive information is processed in deeper laminae. Neuropathic pain patients often suﬀer from touch-evoked pain
(allodynia), suggesting that modality borders are disrupted in their nervous system. We studied whether excitation evoked in deep
dorsal horn neurons either via stimulation of primary aﬀerent Ab-ﬁbres, by direct electrical stimulation or via glutamate microinjection leads to activation of neurons in the superﬁcial dorsal horn. We used Ca2+-imaging in transversal spinal cord slices of neuropathic and control animals to monitor spread of excitation from the deep to the superﬁcial spinal dorsal horn. In neuropathic but
not control animals, a spread of excitation occurred from the deep to the superﬁcial dorsal horn. The spread of excitation was synaptically mediated as it was blocked by the AMPA receptor antagonist CNQX. In contrast, block of NMDA receptors was ineffective. In control animals, the violation of modality borders could be reproduced by bath application of GABAA and glycine
receptor antagonists. Furthermore, we could show that neuropathic animals were more prone to synchronous network activity than
control animals. Thus, following peripheral nerve injury, excitation generated in dorsal horn areas which process non-nociceptive
information can invade superﬁcial dorsal horn areas which normally receive nociceptive input. This may be a spinal mechanism of
touch-evoked pain.
Ó 2007 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction
Neuropathic pain may be due to an injury or a dysfunction of the nervous system. One of its main symptoms is allodynia, i.e. pain elicited by innocuous stimuli.
Some types of allodynia are mediated by activation of
low-threshold, myelinated Ab-ﬁbres, which convey
touch-related information from the periphery to the
spinal cord [16,35]. Thus, information conveyed in Abﬁbres must gain access to and excite nociceptive neurons.
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Under physiological conditions, sensory modalities
are associated to dorsal horn lamination. Fine primary
aﬀerent Ad- and C-ﬁbres, including most nociceptors,
terminate in the superﬁcial dorsal horn (laminae I/II).
In contrast, thick Ab-ﬁbres, that transmit non-nociceptive information, terminate in deeper laminae (III/IV)
[48]. Consistent with this pattern of aﬀerent termination,
dorsal horn second order neurons in the superﬁcial laminae mainly receive nociceptive input while neurons in
deeper dorsal horn laminae mostly convey non-nociceptive (lamina III) or converged input (laminae IV–VI)
[48]. Under physiological conditions, information from
diﬀerent modalities are kept separate to prevent crosstalk of sensory channels leading to phenomena such as
allodynia. Mechanisms preventing sensory cross-talk
are presently not known.
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In neuropathic animals, c-Fos expression, an indication for neuronal activity, is increased in superﬁcial dorsal horn neurons following repeated touch stimuli. This
suggests that mechanosensitive ﬁbres play a major role
in allodynia by activating nociceptive speciﬁc laminae
I/II neurons [3]. Furthermore, in animal models of neuropathic pain (sciatic nerve transection, chronic constriction injury), Ab-ﬁbre-mediated input to the nociceptive
superﬁcial dorsal horn increases substantially
[27,28,34]. Controversy exists regarding mechanisms of
enhanced Ab-ﬁbre input to nociceptive speciﬁc neurons
in laminae I/II of spinal cord in neuropathy.
According to one theory peripheral nerve injury triggers Ab-ﬁbres to sprout from their normal termination
site in the deep dorsal horn into lamina II and establish
synapse-like structures with lamina II neurons
[26,50,51]. Another possibility how Ab-ﬁbre-mediated
information reaches the superﬁcial dorsal horn, is the
opening of pre-existing polysynaptic pathways in the
spinal dorsal horn. Sprouting and the opening of preexisting pathways are not mutually exclusive.
Reduced inhibition in spinal dorsal horn is believed
to contribute to neuropathic pain [2,32,45], but it is
not known whether disinhibition is suﬃcient for an
Ab-ﬁbre-mediated input to the superﬁcial dorsal horn.
It has been suggested that epileptic activity of nociceptive spinal dorsal horn neurons may constitute a possible mechanism underlying lancinating neuropathic
pain [38], but it is not known whether spinal dorsal horn
neurons of neuropathic animals are prone to epileptic
activity spreading over modality borders.
Here, we used Ca2+-imaging in spinal cord slices of 6
weeks old rats after a spared nerve injury (SNI) [9] to
investigate whether Ab-ﬁbre-mediated input may gain
access from lamina III to the superﬁcial dorsal horn in
the SNI model. We tested if, in the SNI model, excitation spreads from the deep to the superﬁcial dorsal horn
and which types of membrane receptors in spinal cord
are involved.
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adhering tissue, the tibial, and common peroneal nerves were
tightly ligated with 6/0 silk, and 2–3 mm of the nerves distal
to the ligation were removed. Care was taken not to touch
or stretch the sural nerve. The incision was then closed in
two layers. Sham animals whose sciatic nerve was exposed
without ligating and sectioning its branches and naı̈ve animals
were used as controls.
2.3. Behavioural tests
Behavioural tests were performed on SNI-operated and
sham-operated animals between 08:00 am and 06:00 pm.
Assessments were made two times prior to and on days 1, 3,
5, 7, and 9 after the surgical procedure. Animals were placed
on an elevated wire grid and allowed to habituate to the testing
environment for approximately 15 min. Mechanical thresholds
were assessed with a series of calibrated von Frey monoﬁlaments with incremental stiﬀness (Stoelting, Wood Dale,
USA). The von Frey test [6] was performed within the innervation area of the sural nerve on the lateral plantar surface of the
hindpaws [9]. The 50% probability withdrawal threshold was
determined using the up and down method of Dixon [10]. If
the animal responded to perpendicular touching of the footpad
with a von Frey hair for 3 s by brisk withdrawal of the respective hindpaw, the response was considered positive. In the
absence of a paw withdrawal response, the next thicker hair
(corresponding to a stronger stimulus) was tested. In case of
a positive response, the next weaker stimulus was applied.
The procedure was repeated until six responses (either positive
or negative) were recorded. The 50% withdrawal threshold,
which indicated the force of von Frey hair at which the animal
reacted in 50% of the presentations, was calculated using the
method of Chaplan et al. [6].
2.4. Preparation of spinal cord slices

All procedures used were in accordance with European
Communities Council directives (86/609/EEC) and were
approved by the Austrian Federal Ministry for Education, Science,and Culture. Male Sprague–Dawley rats were used for
this study and were housed under a 12 h light/dark cycle with
free access to water and food.

Nine to eleven days after the operation, SNI-operated and
sham-operated rats were killed by decapitation under deep
ether anaesthesia, a laminectomy was performed, and the lumbar spinal cord was removed into ice-cold incubation solution
consisting of (mM): NaCl 95, KCl 1.8, KH2PO4 1.2, CaCl2
0.5, MgSO4 7, NaHCO3 26, glucose 15, sucrose 50, oxygenated
with 95% O2, 5% CO2; pH 7.4, measured osmolarity 310–
320 mosmol l 1. The dura mater and all ventral and dorsal
roots were removed. About 500–600 lm thick transversal slices
from lumbar segments L4 to L6 were cut on a microslicer
(DTK-1000, Dosaka, Kyoto, Japan). The slices were stored
in incubation solution at room temperature (20–24 °C). For
experiments in which spinal dorsal horn neurons were stimulated via the dorsal root, dorsal L4–L6 roots ipsilateral to the
operation site were retained, and 600 lm thick slices with an
attached dorsal root were cut as described below. Slices from
naı̈ve animals (39–42 days old) were prepared in the same way.

2.2. Spared nerve injury (SNI) model

2.5. Fluorometric Ca2+-measurements

Rats (30–32 days old) were deeply anaesthetized with isoﬂurane (1.5–2%) and the sciatic nerve and its three terminal
branches were exposed after incision of the skin and the biceps
femoris muscle at mid-thigh level [9]. The nerves were freed of

For Ca2+-measurements, slices were incubated for 1½ h at
room temperature in incubation solution containing fura-2acetoxymethyl ester (fura-2 AM, 10 lM) and pluronic acid
(0.02%), followed by a P30 min washout period. A single,

2. Methods
2.1. Animals

302

D. Schoﬀnegger et al. / Pain 135 (2008) 300–310

fura-2-loaded slice was then transferred to the recording chamber where it was superfused with oxygenated recording solution at 3 ml min 1. Recording solution was identical to
incubation solution except for (mM): NaCl 127, CaCl2 2.4,
MgSO4 1.3, and sucrose 0. Experiments were performed at
25 °C. Slices were checked for vitality under an upright microscope (Olympus, BX50WI, Tokyo, Japan) equipped with
Dodt-infrared optics [11]. Determination of the number of
cells that take up fura-2 AM in comparison to the total number of neurons seen in the imaging window revealed that
75 ± 3% (n = 10 slices) of all neurons in the imaging window
take up the calcium dye. In all experiments, Ca2+-imaging
was performed in the superﬁcial dorsal horn (laminae I and
II, boxes in Fig. 3A). Slices were illuminated with a monochromator and images (220  160 lm2, around one fourth of the
mediolateral expansion of the superﬁcial dorsal horn) were
taken with a cooled CCD camera (both TILL Photonics, Gräfelﬁng, Germany). Paired exposures to 340 and 380 nm were
obtained at a frame rate of 2 Hz, and the ratio (F340/F380)
was calculated to assess relative changes in Ca2+-concentration
without conversion to absolute concentration values (TILL
Vision software package). Changes in Ca2+-concentration
were evaluated in single cells by placing a small region of interest over the cell body. All neuronal cell bodies in the imaging
window that were loaded with fura-2 (as determined in the
380 nm epiﬂuorescence image) were evaluated. A neuron was
considered to be excited by electrical or chemical stimulation
(see below) when its Ca2+-trace exhibited a peak within 1 s
after the stimulation with an amplitude exceeding ten times
the standard deviation of the baseline noise, measured in a
4–5 s segment in which no spontaneous activity of the neurons
was present. A slice was considered to show spontaneous synchronous activity when, within a period of 5 min, there was at
least one episode where P5 neurons in the imaging window
exhibited synchronous (within 500 ms) Ca2+-transients in the
absence of any stimulation.
2.6. Electrical and chemical stimulation in the slice
To electrically stimulate neurons in the deep dorsal horn of
the spinal cord, a unipolar glass stimulation electrode was
placed 350–400 lm ventral from the dorsal white matter border into the termination area of the injured tibial or the intact
sural nerve (pipette tips in Fig. 3A) [31,49]. The somatotopic
areas of the single branches of the N. suralis have been published [31,49]. We used these papers as a guideline for the location of the somatotopic area of the tibial and the sural nerve.
Therefore, we measured the mediolateral expansion of the
spinal dorsal horn and divided it into four equal parts
(Fig. 3A). Stimulation in the somatotopic area of the tibial
nerve was applied in the most medial quarter of the deep dorsal horn whereas stimulation of the somatotopic area of the
sural nerve took place in the third quarter of the deep dorsal
horn (see also Fig. 3A). The pipettes were pulled from borosilicate glass (Hilgenberg, Maisfeld, Germany) with a ﬂaming
micropipette puller (Model P-97, Sutter Instrument, Novato,
CA, USA), ﬁlled with recording solution and exhibited tip
resistances of 2–3 MX. Stimulation was applied via a constant
current stimulator (WPI, Sarasota, Florida, USA) and delivered in trains of 20 pulses at 20 Hz, at 0.35 mA intensity and

0.1 ms pulse width. For chemical stimulation, glutamate
(1 mM in recording solution) was applied via a picospritzer
(Picospritzer II, Parker Instrumentation, Chicago, USA) to
the same site by pressure ejection from a glass pipette of the
same type (2–3 lm tip diameter, 8 pulses, 20 ms, 20 Hz,
8 psi). For electrical and chemical stimulation, in a series of
pilot experiments, stimulation intensity was carefully adjusted
in control animals to limit spread of excitation to the direct
vicinity of the stimulation pipette. Around 5–8 cells within a
radius of 60 lm around the stimulation pipette showed a calcium transient in response to the stimulation in the deep dorsal
horn.
2.7. Primary aﬀerent stimulation and compound action potential
recording
When preparing the spinal cord for cutting of slices with
appending dorsal root, the proximal half of the dorsal root
was divided into a cranial and a caudal branch. The caudal
branch was cut at the entrance to the spinal cord. A 600 lm
thick slice was then made in continuity with the cranial dorsal
root branch (Fig. 2A). The distal dorsal root end was inserted
into a suction electrode for stimulation by a constant current
stimulator and the proximal end of the cut dorsal root branch
was carefully led into a second suction electrode for monopolar recording of dorsal root compound action potentials
(CAPs) by means of an extracellular ampliﬁer (Iso-Dam-D,
WPI, Sarasota, Florida, USA). CAPs evoked by single pulse
stimulation (0.1 ms, 0.01–3 mA) were ampliﬁed 1000, band
pass ﬁltered at 0.1 Hz–3 kHz, digitized at 10 kHz and stored
in a computer using the pCLAMP 9 acquisition software
(Molecular Devices, Union City, CA, USA).
2.8. Statistical analysis
All values are given as means ± SEM. Two-way ANOVA
followed by Tukey test, t-test, paired t-test, Mann–Whitney
Rank Sum test, Wilcoxon Signed Rank test (when appropriate
with Bonferroni adjustment), and Fisher’s Exact test were used
for statistical comparisons. Since no signiﬁcant diﬀerence was
found between data obtained from sham-operated and naı̈ve
animals, the results from the two groups were pooled and designated as control.
2.9. Drugs
Drugs and their sources were as follows: ( )-bicuculline
methiodide (bicuculline, 10 lM), L-glutamic acid (1 mM),and
strychnine (4 lM) were from Sigma (Deisenhofen, Germany),
D-2-amino-5-phosphonovaleric acid (D-AP5, 50 lM), 6cyano-7-nitro-quinoxaline-2,3-dione (CNQX, 10 lM), and
tetrodotoxin (TTX, 1 lM) were from Alexis (Grünstadt, Germany), and fura-2 AM (10 lM) and pluronic (Pluronic F-127,
0.02%) were from Molecular Probes (Leiden, The Netherlands). Stock solutions were prepared by diluting bicuculline
and D-AP5 in distilled water, strychnine, CNQX, fura-2 AM,
and pluronic in dimethyl sulphoxide (Sigma), glutamate in
1 M HCl and TTX in acidic buﬀer (pH 4.8) and stored in aliquots at 20 °C. Drugs were added to the superfusion solution
at deﬁned concentrations as indicated.
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18 ± 1 g; n = 17 animals, P > 0.05, 2-way ANOVA, contralateral preoperative: 15 ± 1 g; contralateral on day 9
post surgery: 18 ± 1 g; n = 17 animals, P > 0.05, 2-way
ANOVA followed by Tukey test).

3. Results
3.1. Behaviour
Animals were tested on two consecutive days before
and at 2-day intervals following SNI or sham surgery.
Animals with a SNI of one sciatic nerve developed ipsilateral hypersensitivity to innocuous mechanical von
Frey hair stimulation 24 h after the surgery, and this
mechanical allodynia persisted undiminished throughout the testing period (9–11 days) (Fig. 1). The force
required to elicit paw withdrawal on the side of the operation dropped from a mean baseline value of 14 ± 1 g
(n = 29 animals) tested on two consecutive days before
the operation, to 2.4 ± 0.3 g on day 9 after the surgery
(P < 0.01, SNI ipsilateral before surgery compared to
SNI ipsilateral 9 days post surgery; as well as 9 days post
surgery: SNI ipsilateral compared to SNI contralateral
and to sham-treated animals; 2-way ANOVA followed
by Tukey test). Hindpaw withdrawal thresholds contralateral to the surgery were assessed over the whole period and did not change signiﬁcantly from presurgical
baseline or when compared to sham-operated animals
(P > 0.05, at every post operative time point compared
to presurgical time points and to sham-operated hindpaws; 2-way ANOVA followed by Tukey test). Withdrawal thresholds in sham-operated animals remained
unchanged from presurgical values (ipsilateral preoperative: 15 ± 1 g; ipsilateral on day 9 after surgery:
20
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Fig. 1. Time course of mechanical allodynia after spared nerve injury
(SNI). Withdrawal thresholds of the ipsilateral hindpaws to mechanical stimulation with von Frey hair in SNI rats are compared to those
of sham-operated animals. The SNI and sham operation took place on
day 0. A signiﬁcant reduction in the 50% withdrawal threshold
indicates mechanical allodynia (**P < 0.01 in the Tukey test following
2-way ANOVA).

3.2. Dorsal root stimulation at Ab-ﬁbre intensity evokes
Ca2+-transients in superﬁcial dorsal horn neurons
We ﬁrst tested if electrical stimulation of neurons in
the predominantly non-nociceptive Ab-ﬁbres in the dorsal root would lead to excitation of the predominantly
nociceptive superﬁcial dorsal horn in SNI animals. To
ensure that the stimulation excited Ab-ﬁbres, but not
the higher threshold, nociceptive Ad- and C-ﬁbres, we
simultaneously recorded CAPs from a dorsal root side
branch (Fig. 2A). Ab-, Ad-, and C-ﬁbres can be distinguished by their conduction velocities and their electrical stimulation thresholds as illustrated in Fig. 2B and
Table 1. Similar to previous reports, no signiﬁcant diﬀerences in stimulation thresholds and conduction velocities were observed between dorsal roots from control
and neuropathic animals (Table 1, P > 0.05; t-test,
Mann–Whitney Rank Sum test) [28].
Stimulation at an intensity activating only Ab-ﬁbres
(17–21 lA, 0.1 ms, as veriﬁed by simultaneous recording
of CAPs) resulted in Ca2+-transients in spinal superﬁcial
dorsal horn neurons in 12% of the slices from control
animals (n = 17), but in 67% of the slices from neuropathic animals (n = 12) (P < 0.01, Fisher Exact Test).
Consistently, signiﬁcantly more superﬁcial dorsal horn
neurons in slices of neuropathic than of control animals
reacted to Ab-ﬁbre stimulation (P < 0.05, t-test,
Fig. 2C). In contrast, the numbers of cells in spinal
superﬁcial dorsal horn reacting in response to C- and
Ad-ﬁbre stimulation (C-ﬁbre: 0.55–0.7 mA, Ad-ﬁbre:
50–70 lA) were not signiﬁcantly diﬀerent between control and neuropathic animals (P > 0.05, t-test,
Fig. 2C). The absolute number of neurons reacting to
stimulation at C-ﬁbre intensity varied between individual slices. We thus normalized the data to the number
of cells reacting in response to C-ﬁbre stimulation
(Fig. 2D). The normalized percentage of superﬁcial dorsal horn neurons excited by Ab-ﬁbre intensity was also
signiﬁcantly diﬀerent between control and neuropathic
animals (control: 3 ± 3%, neuropathic: 21 ± 5%,
P < 0.05, Mann–Whitney Rank Sum test) while no difference was found for stimulation at Ad-ﬁbre intensity
(control: 46 ± 7%, neuropathic: 37 ± 10%, P > 0.05,
Mann–Whitney Rank Sum test).
3.3. Electrical stimulation and glutamate microinjection in
deep dorsal horn leads to excitation of superﬁcial dorsal
horn neurons in neuropathic animals
To test the hypothesis that, in neuropathic pain, excitation spreads from the predominantly non-nociceptive
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Fig. 2. Excitation of superﬁcial dorsal horn neurons in vitro by primary aﬀerent stimulation in control and in neuropathic animals. (A) Schematic
diagram of the setup. The distal end of the dorsal root was led into a suction electrode for stimulation with a constant current stimulator. Compound
action potentials (CAPs) were recorded from a proximal side branch of the dorsal root by means of an extracellular ampliﬁer. Ca2+-imaging was
performed in the medial part of laminae I/II (box). (B) Representative Ab- (Ba), Ad- (Bb),and C-ﬁbre (Bc) evoked compound action potentials
recorded extracellularly from the dorsal root of a SNI rat. (C) Number of spinal laminae I/II reacting neurons per slice in response to primary
aﬀerent stimulation at C-, Ad-, and Ab-ﬁbre intensity. Every data point represents 1 slice. The number of cells reacting in response to stimulation at
Ab-ﬁbre intensity was signiﬁcantly higher in SNI than in control animals (*P < 0.05 in the t-test). (D) The percentage of laminae I/II neurons excited
by stimulation at Ab-ﬁbre intensity normalized to the number of neurons excited by stimulation at C-ﬁbre intensity also revealed a signiﬁcant
diﬀerence between neuropathic and control animals (*P < 0.05 in the Mann–Whitney Rank Sum test).

deep dorsal horn to the predominantly nociceptive
superﬁcial dorsal horn, a focal electrical stimulus or glutamate microinjection was applied within the somato-

topic area of the injured tibial or the intact sural nerve
in the deep dorsal horn (indicated by the tip of the stimulation electrode, Fig. 3A). The activity of superﬁcial

Table 1
Activation threshold and conduction velocity of Ab-, Ad-, and C-ﬁbres in neuropathic and control animals
Threshold (lA)

Control (n = 17)
Neuropathic (n = 12)

Conduction velocitiy m s

1

Ab

Ad

C

Ab

Ad

C

13 ± 1
14 ± 1

25 ± 1
27 ± 1

263 ± 13
240 ± 18

17 ± 1
15 ± 1

5.1 ± 0.2
4.4 ± 0.5

0.6 ± 0.04
0.6 ± 0.04

There was no signiﬁcant diﬀerence in the activation threshold nor the conduction velocity of the diﬀerent primary aﬀerent ﬁbre types between control
animals and neuropathic animals (P > 0.05, t-test; Mann–Whitney Rank Sum test). Values are means ± SEM.

D. Schoﬀnegger et al. / Pain 135 (2008) 300–310

Tibial nerve area

a Electrical stimulation

Sural

% reacting cells i n LI/ II

200 µm

50

Control (n = 81 slices)

Control (n =13 slices)

Neuropathic (n = 41 slices)

Neuropathic (n = 16 slices)
50

**

40
30
20
10
0

D

B
Neuropathic

a Electrical stimulation

B2

Glutamate
stimulation

B4

Δ F340/F380

0.120
B3

b

0.095

30
20
10
0

Glutamate microinjection

Control (n = 12 slices)

Control (n = 12 slices)

Neuropathic (n = 11 slices)

Neuropathic (n = 11 slices)

60

50 µm

% reacting cells in LI/II

Electrical
stimulation

Control
B1

**

40

Sural nerve area

50
40
30
20
10
0

60

**

% reacting cells in LI/II

Tibial

b Glutamate microinjection

% reacting cells i n LI/I I

C

A

305

**

50
40
30
20
10
0

Fig. 3. Electrical stimulation and glutamate microinjection in deep dorsal horn excite superﬁcial dorsal horn neurons in neuropathic animals. (A)
Outline of the dorsal quadrant of a transverse spinal cord slice. The dashed line indicates the approximate border between laminae II and III. The
superﬁcial dorsal horn regions in the somatotopic area of the transected tibial and the intact sural nerve selected for imaging are shown by the boxes.
The sites of electrical stimulation or glutamate microinjection are indicated by the tip of the stimulation pipettes. (B) Slices were incubated with fura-2
AM. Then, the ratio of the images captured at 340 and 380 nm illuminations was used to detect changes in intracellular Ca2+-concentration.
Examples of ratio images of control animals (B1, B3) and neuropathic animals (B2, B4) 500 ms after stimulation are shown in pseudocolour.
Pseudocolour images show values of the diﬀerence between the F340/F380 ratio images before stimulation and at the time of usual peak reaction to
stimulation (0.5 s after stimulation). Red indicates areas that were excited by the stimulation, whereas blue indicates unexcited areas. While
superﬁcial dorsal horn neurons of control animals did not show Ca2+-transients in the frame after electrical stimulation (B1) or glutamate
microinjection (B3) in deep dorsal horn, in neuropathic animals, numerous superﬁcial dorsal horn neurons were excited following electrical
(stimulation B2) and glutamate microinjection (B4). (C and D) Summary of the results showing that electrical stimulation and glutamate
microinjection in the deep dorsal horn in the area of the tibial (C) or the sural nerve (D) excited superﬁcial dorsal horn neurons signiﬁcantly more
often in neuropathic than in control animals (**P < 0.01 in the Mann–Whitney Rank Sum test).

dorsal horn neurons was monitored by Ca2+-imaging
(regions indicated by the boxes, Fig. 3A).
Electrical stimulation was applied either in the termination area of the injured or the intact nerve in the deep
dorsal horn. This induced a signiﬁcant Ca2+-transient in
only 8 ± 1% (n = 81 slices) and 4 ± 3% (n = 12 slices),
respectively of the superﬁcial dorsal horn neurons in
control animals. In neuropathic animals, however,
39 ± 5% (n = 41 slices) and 40 ± 8% (n = 11 slices),
respectively of the superﬁcial dorsal horn neurons within
the imaging window were excited by stimulation in deep
dorsal horn (Fig. 3B and C; P < 0.01, Mann–Whitney
Rank Sum Test). Bath application of the AMPA/kai-

nate receptor antagonist CNQX (10 lM) virtually abolished the reaction of superﬁcial dorsal horn neurons in
response to an electrical stimulus in the deep dorsal horn
of both, SNI and control animals (P < 0.01, t-test with
Bonferroni adjustment, Fig. 4A), demonstrating that
excitation was due to synaptic transmission and not
direct stimulation of superﬁcial dorsal horn neurons.
Blockade of NMDA receptors with D-AP5 (50 lM)
had no eﬀect on the spread of excitation from the deep
to the superﬁcial dorsal horn in neuropathic or control
animals (P > 0.05, t-test with Bonferroni adjustment,
Fig. 4B), which is consistent with a mono- or oligosynaptic excitation.
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Fig. 4. Participation of GABAA, glycine, AMPA/kainate, and NMDA receptors in the spread of excitation from spinal laminae III/IV to laminae I/
II. All experiments were performed with electrical stimulation in laminae III/IV. (A) AMPA/kainate receptor blockade with CNQX (10 lM)
abolished the spread of excitation from spinal laminae III/IV to I/II. (B) D-AP5 (50 lM) had no eﬀect on the spread of excitation. (C) Application of
bicuculline (bicu, 10 lM) and strychnine (strych, 4 lM) induced an increase in the number of laminae I/II neurons reacting to stimulation in laminae
III/IV in both control and neuropathic animals. (D) Application of GABA (1 mM) reduced the number of laminae I/II neurons reacting to electrical
stimulation in laminae III/IV. (**P < 0.01 in the Wilcoxon Signed Rank test for before/after comparisons, or in the Mann–Whitney Rank Sum test
for all other comparisons). For every experimental design (A–C), all six possible comparisons were performed and corrected with the Bonferroni
adjustment.

In support of this conclusion, glutamate microinjection in the deep dorsal horn resulted in a Ca2+-transient
in signiﬁcantly more superﬁcial dorsal horn neurons
from neuropathic than control animals (Fig. 3C and
D, somatotopic area of the tibial nerve: control:
9 ± 7% neurons, n = 13 slices, neuropathic: 38 ± 7%
neurons, n = 16 slices; somatotopic area of the sural
nerve: control: 4 ± 2% neurons, n = 12 slices, neuropathic: 46 ± 8% neurons, n = 11 slices; P < 0.01,
Mann–Whitney Rank Sum Test). To test if excitation
of superﬁcial dorsal horn neurons requires transmission
via action potentials from the deep to the superﬁcial
dorsal horn rather than diﬀusion of glutamate to superﬁcial dorsal horn neurons, we bath-applied the action
potential blocker tetrodotoxin (TTX, 1 lM) to the
slices. After TTX, stimulus-related excitation in the

superﬁcial dorsal horn of the spinal cord was virtually
abolished (control: 2 ± 1% of the neurons, n = 13 slices;
neuropathic: 2 ± 1% of the neurons, n = 16 slices). After
bath application of TTX, neurons around the stimulation electrode still showed a signiﬁcant Ca2+-transient
suggesting that neurons were activated also in the presence of TTX.
3.4. Participation of GABA and glycine receptors in the
spread of excitation from the deep dorsal horn to the
superﬁcial dorsal horn in neuropathic animals
Electrical stimulation in the deep dorsal horn of the
spinal cord was used to assess the participation of the
main excitatory and inhibitory transmitter systems in
the spread of excitation to the superﬁcial dorsal horn.
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3.5. Disinhibition induces synchronous network activity in
the superﬁcial dorsal horn of neuropathic but not control
animals
After the application of bicuculline and strychnine,
the dorsal horn neuronal network of neuropathic animals showed spontaneous synchronous activity in 67%
of the tested slices (n = 9), while such activity was
observed in only 5% of the slices (n = 19) in control animals (P < 0.01, Fisher-Exact test). An example of synchronous network activity is displayed in Fig. 5. Ca2+traces of some representative neurons from a slice taken
from a control animal illustrate that, while spontaneous
activity is present, it is not synchronized among neurons
(Fig. 5A). In contrast, neurons from a slice of a neuropathic animal show spontaneous synchronous activity
(Fig. 5B).
In neuropathic animals, we also tested whether synchronous network activity evoked by application of
bicuculline and strychnine may cross-modality borders.
We placed the center of the imaging window at the bor-
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receptors diminished spread of excitation signiﬁcantly
(before GABA: 57 ± 8%, after GABA: 5 ± 2%, n = 15
slices; P < 0.01, paired t-test with Bonferroni adjustment).
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After pharmacological disinhibition by blockade of
GABAA and glycine receptors (bicuculline, 10 lM;
strychnine, 4 lM), the number of superﬁcial dorsal horn
neurons in control animals that responded to electrical
stimulation was signiﬁcantly higher (before bicuculline/
strychnine: 10 ± 2%, after bicuculline/strychnine:
47 ± 6%, n = 43 slices; P < 0.01, paired t-test with Bonferroni adjustment, Fig. 4C) and similar to the number
of superﬁcial dorsal horn neurons in SNI animals reacting to the same stimulus in the absence of the blockers
(42 ± 6%; P > 0.05, t-test with Bonferroni adjustment).
Blockade of GABAA and glycine receptors in slices of
neuropathic animals induced a further signiﬁcant
increase in the number of superﬁcial dorsal horn neurons that reacted to the electrical stimulation
(P < 0.01, t-test with Bonferroni adjustment, Fig. 4C).
After application of GABA (1 mM), in control animals, superﬁcial dorsal horn neurons no longer
responded to stimulation in the deep dorsal horn which
was not signiﬁcantly diﬀerent to the situation before the
application of GABA (before GABA: 9 ± 5% superﬁcial
dorsal horn neurons reacting to the stimulus in the deep
dorsal horn, after GABA: 0 ± 0%, n = 15 slices;
P > 0.05, paired t-test with Bonferroni adjustment,
Fig. 4D). In neuropathic animals, activation of GABA
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0.095

1 min

Fig. 5. Blockade of GABAA and glycine receptors induces synchronous network activity in laminae I/II of SNI rats. Examples of the network
activity in slices from the lumbar spinal cord of control (A) or neuropathic (B) animals arising after preincubation with bicuculline (10 lM) and
strychnine (4 lM) are shown. (A) Aa shows a 380 nm image of the region selected for recording. In slices from control animals, spinal disinhibition
did not evoke simultaneous Ca2+-transients. (Ab) Original traces show the time course (10–15 min after bicuculline/strychnine application) of the
Ca2+-concentration of the neurons that are marked by arrows in Aa. Pseudocolour F340/F380 ratio images taken at the time points marked in Ab
(arrows, A1–A6) are displayed in Ac. Red indicates a high intracellular Ca2+-concentration. While some spontaneous activity was seen, it was not
synchronized between neurons. (B) In the slice from a neuropathic animal, blockade of GABAA, and glycine receptors induced repetitive
spontaneous Ca2+-transients that were synchronized between many of the recorded neurons, as illustrated in the original traces (Bb). (Bc)
Pseudocolour F340/F380 ratio images of the time points marked in Bb (arrows, B1–B6) show that intracellular Ca2+-concentration was high at the
time of simultaneous Ca2+-transients and intracellular Ca2+-concentration was low between two transients in spinal dorsal horn neurons.
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der of lamina II to lamina III to be able to record both,
excitation of superﬁcial and deep dorsal horn neurons.
In 80% (4 out of 5 slices), synchronous network activity
after superfusion with GABAA and glycine receptor
antagonists, did not only arise in superﬁcial dorsal horn
but also in the deep dorsal horn.
4. Discussion
In this study we showed a violation of modality borders in spinal cord dorsal horn of neuropathic but not
control animals. The spread of excitation from lamina
III into superﬁcial dorsal horn laminae is mediated by
glutamatergic synapses and may underlie some forms
of Ab-ﬁbre-mediated allodynia. In neuropathic animals,
the superﬁcial dorsal horn network is more prone to
synchronous network activity as compared to control
animals possibly contributing to the phenomena of ‘lancinating’ pain.
4.1. Following peripheral nerve injury, stimulation of the
dorsal root at Ab-ﬁbre intensity results in excitation of
neurons in the superﬁcial dorsal horn
Activation of Ab-ﬁbres rarely excites any neurons in
the superﬁcial dorsal horn in normal animals [48]. Here,
we showed that following SNI, stimulation of Ab-ﬁbres
induced excitation of superﬁcial spinal dorsal horn neurons signiﬁcantly more often than in control animals.
This is consistent with results from studies using other
neuropathic pain models that found a higher incidence
of Ab-ﬁbre evoked input to individual neurons recorded
in the superﬁcial dorsal horn after nerve injury
[1,27,28,34]. However, a previous study using the SNI
model found no increase in the incidence of lamina II
neurons with Ab-ﬁbre evoked EPSCs [28]. The use of
imaging techniques rather than single cell recordings
enabled us to more broadly screen for Ab-ﬁbre input
to the superﬁcial dorsal horn. The hypothesis that Abﬁbre collaterals sprout into superﬁcial laminae and
establish synaptic contact there [27,44,50] has been challenged recently by electrophysiological and by immunohistochemical data [20,34,43]. Next to sprouting, spinal
interneurons in deeper layers of the dorsal horn could
convey non-nociceptive information from Ab-ﬁbres to
neurons in the superﬁcial dorsal horn. This possibility
was tested here directly.
4.2. Electrical and chemical stimulation in deep dorsal
horn lead to excitation of neurons in superﬁcial dorsal
horn
Electrical stimulation or microinjection of glutamate
into the deep dorsal horn excited only few superﬁcial
dorsal horn neurons in control animals. In contrast,
many more neurons in the superﬁcial dorsal horn were

excited in SNI animals. Glutamate does not excite ﬁbres
of passage suggesting that interneurons near the injection
site in lamina III but not sprouted Ab-ﬁbres were responsible for the excitation of superﬁcial dorsal horn neurons
in neuropathic animals. These results demonstrate a violation of the modality border between the predominantly
non-nociceptive deep dorsal horn and the mainly nociceptive superﬁcial dorsal horn following peripheral nerve
injury. Interestingly, in SNI animals, there is no diﬀerence in the spread of excitation from deep to superﬁcial
dorsal horn between the areas where the injured branch
(tibial) or the intact branch (sural) of the sciatic nerve
is ending. This suggests, that not only the neuronal network in the area of the injured but also of the spared
nerve undergo changes that allow the spread of excitation from deep to superﬁcial dorsal horn. This is of considerable functional importance as only a violation of the
modality borders in the territory of the intact nerve can
account for touch-evoked pain, whereas a violation of
modality borders in the area of the cut nerves should
not contribute to stimulus-evoked pain. In control animals, a similar spread of excitation is induced by an acute
pharmacological disinhibition. This suggests that synaptic connections between deep and superﬁcial dorsal horn
normally exist, but that they are actively depressed in
healthy animals. This hypothesis is supported by the fact
that many lamina III neurons send axonal projections to
lamina II in the spinal dorsal horn [42,46].
We, therefore, investigated the role of inhibitory and
excitatory synaptic transmission for spread of excitation
from deep to superﬁcial dorsal horn in neuropathic
animals.
4.3. GABAergic/glycinergic inhibition is not completely
abolished in neuropathic animals
The spread of excitation from deep dorsal horn to
superﬁcial dorsal horn in SNI animals was mimicked
by disinhibition (blockage of GABAA and glycine receptors) in control animals. Since GABAergic inhibition is
reduced in the dorsal horn of neuropathic animals
[12,21,32], these data collectively suggest that reduced
GABAergic and glycinergic inhibition may be responsible for the spread of excitation over modality borders in
SNI animals. After complete pharmacological blockade
of GABAA and glycine receptors, there still was a
greater spread of excitation over modality borders in
neuropathic animals as compared to control animals.
Thus, apart from disinhibition, there must be additional
mechanisms facilitating the spread of excitation over the
deep/superﬁcial dorsal horn border in neuropathic animals. This could include enhanced membrane excitability or synaptic strength, or reduced inhibition by opioids
or monoamines [40].
Activation of the spinal GABAergic system by the
application of GABA, blocked spread of excitation in
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neuropathic animals. This is consistent with data showing
that intrathecal application of GABA receptor agonists
reduces mechanical allodynia in neuropathic animals
[30]. The inhibitory eﬀect of GABA on the Ca2+-signal
in superﬁcial dorsal horn neurons could be due to an
increased inhibition of the synaptic pathway connecting
deep and superﬁcial dorsal horn neurons. GABA could
also induce a hyperpolarisation of superﬁcial dorsal horn
neurons, resulting in reduced or abolished Ca2+ entry
through voltage gated calcium channels.
4.4. Spread of excitation over modality borders is
dependent on AMPA/kainate receptors but not on NMDA
receptors
We applied NMDA receptor antagonists to test
whether mono/oligosynaptic or polysynaptic pathways
were involved in the spread of excitation from the deep
to the superﬁcial dorsal horn layers. Blockade of
NMDA receptors had no eﬀect on the spread of excitation over modality borders in SNI animals. This is consistent with previous behavioural data showing that
blockade of NMDA receptors does not relieve painrelated responses following SNI and thermal injury
[14,33], and that in CCI animals blockade of NMDA
receptors diminishes heat hyperalgesia but has no eﬀect
on mechanical allodynia [47,53]. However, other studies
have found that NMDA receptor antagonists may
reduce pain behaviour in some animal models of neuropathic pain [7,25,52]. Blockade of NMDA receptors
may also reduce allodynia evoked by intrathecal application of the GABAA receptor antagonist bicuculline
[22]. The fact that in the present study the blockade of
NMDA receptors did not have an eﬀect suggests that
mainly mono- or oligosynaptic pathways are involved
in the spread of excitation from the deep to the superﬁcial dorsal horn, as polysynaptic excitatory pathways
are more prone to NMDA receptor blockage [8].
We also studied the involvement of AMPA/kainate
receptors in the spread of excitation from deep to superﬁcial dorsal horn. Blockade of AMPA/kainate receptors
with CNQX abolished the spread of excitation over
modality borders, indicating that a glutamatergic synaptic pathway is involved. Consistently, application of
spinal AMPA receptor antagonists abolishes the development of hyperalgesia and allodynia associated with
peripheral nerve injury [4,23,37].
4.5. Synchronous network activity in spinal dorsal horn of
neuropathic animals after disinhibition
Synchronous network activity is present at embryonic
and early neonatal developmental stages [17,18,36] promoting neuronal maturation, activity-dependent synaptic wiring and network formation [5,15,19,24]. While
rhythmic activity is present in individual nociceptive
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and non-nociceptive spinal dorsal horn neurons
[13,41], large scale synchronous activity was not seen
in spinal cord slices of mature animals under control
conditions. Under conditions of reduced inhibition
and increased excitability, synchronous network activity
arises, however, in the spinal dorsal horn of more
mature animals [39]. Furthermore, after section of the
dorsolateral funiculus, which contains many descending
inhibitory pathways, large amplitude spontaneous dorsal root potentials arise in the spinal dorsal horn [29],
possibly indicating rhythmic activity of dorsal horn neurons. In the present study, synchronous activity could be
more easily evoked in slices from neuropathic animals.
This demonstrates that in neuropathic animals the dorsal horn network is more prone to synchronous network
activity than in control animals. This could underlie
some form of shooting pain sensation.
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