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Abstract
Background: Chronic bone cancer pain is thought to be partly due to central sensitization. Although murine models 
of bone cancer pain revealed significant neurochemical changes in the spinal cord, it is not known whether this 
produces functional alterations in spinal sensory synaptic transmission. In this study, we examined excitatory synaptic 
responses evoked in substantia gelatinosa (SG, lamina II) neurons in spinal cord slices of adult mice bearing bone 
cancer, using whole-cell voltage-clamp recording techniques.

Results: Mice at 14 to 21 days after sarcoma implantation into the femur exhibited hyperalgesia to mechanical stimuli 
applied to the skin of the ipsilateral hind paw, as well as showing spontaneous and movement evoked pain-related 
behaviors. SG neurons exhibited spontaneous excitatory postsynaptic currents (EPSCs). The amplitudes of 
spontaneous EPSCs were significantly larger in cancer-bearing than control mice without any changes in passive 
membrane properties of SG neurons. In the presence of TTX, the amplitude of miniature EPSCs in SG neurons was 
increased in cancer-bearing mice and this was observed for cells sampled across a wide range of lumbar segmental 
levels. Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor- and N-methyl-D-aspartate 
(NMDA) receptor-mediated EPSCs evoked by focal stimulation were also enhanced in cancer-bearing mice. Dorsal root 
stimulation elicited mono- and/or polysynaptic EPSCs that were caused by the activation of Aδ and/or C afferent fibers 
in SG neurons from both groups of animals. The number of cells receiving monosynaptic inputs from Aδ and C fibers 
was not different between the two groups. However, the amplitude of the monosynaptic C fiber-evoked EPSCs and the 
number of SG neurons receiving polysynaptic inputs from Aδ and C fibers were increased in cancer-bearing mice.

Conclusions: These results show that spinal synaptic transmission mediated through Aδ and C fibers is enhanced in 
the SG across a wide area of lumbar levels following sarcoma implantation in the femur. This widespread spinal 
sensitization may be one of the underlying mechanisms for the development of chronic bone cancer pain.

Background
Pain is one of the most common symptoms of patients
with primary bone sarcomas and those with bone metas-
tases from lung or other solid tumors [1,2]. It is a trouble-
some clinical problem since current treatments are not
fully effective. As the disease progresses, chronic pain
develops and often becomes resistant to conventional
analgesic treatments such as anti-inflammatory drugs
and opioids even at the maximum doses that can be toler-

ated [2,3]. Despite the global efforts designed to treat
both bone cancer and cancer-related pain, nearly 70% of
the patients dying from cancer experience unrelieved
pain which is usually progressive and severe [4].

In recent years, preclinical animal models of bone can-
cer pain have been developed and the mechanisms con-
tributing to bone cancer pain have been studied at
cellular and behavioral levels [5-8]. Implantation of can-
cer cells within the femur or tibia induces ongoing pain-
related behaviors such as licking and flinching of the ipsi-
lateral hind limb following bone destruction [9-12] asso-
ciated with injuries of the primary afferent fibers
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innervating the cancer-bearing bones [12]. In addition to
these spontaneous behavioral changes, previous studies
show that animals bearing bone cancer also exhibit allo-
dynia and/or hyperalgesia in response to natural sensory
stimuli applied to the non-cancerous skin [9,12,13]. In
addition to sensitization of afferent fibers in animals
bearing bone cancer [5], the excitability (firing rates) of
spinal dorsal horn neurons in response to cutaneous sen-
sory stimuli is reported to be increased [8,14] along with
an enlargement of their receptive field sizes [8]. These
functional changes in responsiveness of spinal dorsal
horn neurons may be induced not only by peripheral sen-
sitization of afferent fibers innervating the cancerous
bone, but also by processes of spinal sensitization, such as
plastic changes in spinal noxious circuitry or in synaptic
transmission as has been reported in other animal mod-
els of peripheral nerve injuries and inflammation [15].
Extensive neurochemical reorganization and gliosis in the
spinal dorsal horn of animals bearing bone cancer sup-
port the hypothesis that bone cancer pain is enhanced by
a state of spinal sensitization [6,7,13,16]. However little is
known about the functional changes in the synaptic pro-
cessing of nociceptive neuronal circuitry of the spinal
dorsal horn in animals bearing bone cancer.

The substantia gelatinosa (SG, lamina II) of the spinal
dorsal horn plays an important role in the transmission
and modulation of nociceptive information from the
periphery to the CNS [17-20], and is one of the key sites
for the generation of central sensitization in chronic neu-
ropathic pain states [15]. Fine myelinated Aδ and unmy-
elinated C afferent fibers terminate preferentially in the
SG. SG neurons exhibit glutamatergic excitatory postsyn-
aptic responses in response to stimulation of Aδ and C
afferent fibers [19,21-23] and naturalistic noxious stimu-
lation [24-26]. Following inflammation and peripheral
nerve injuries, the excitatory sensory pathways in the SG
are functionally reorganized: large fine myelinated Aβ
fibers establish aberrant synaptic contacts with SG neu-
rons [27-29]. The present study was designed to assess
whether excitatory sensory pathways and synaptic trans-
mission in the SG are changed in adult mice bearing bone
cancer using patch-clamp recordings from spinal cord
slices with an attached dorsal root. We compared excit-
atory synaptic responses evoked in SG neurons between
control mice and mice bearing cancer in the femur, and
show that the cancer-bearing mice exhibit unique plastic
changes in spinal excitatory synaptic transmission medi-
ated through Aδ and C afferent fibers.

Results
Spontaneous and movement-evoked pain-related 
behaviors and hypersensitivity to mechanical stimuli in 
mice with bone cancer
Mice had unilateral implantation of osteolytic murine
sarcoma cells into the femur [7,30]. After sarcoma

implantation, the animals exhibited spontaneous foot-
lifting behavior of the cancer-bearing limb. The number
of spontaneous flinches was significantly increased at day
7 after implantation, and the increment lasted for more
than 2 weeks (Figure 1A). Cancer-bearing mice also
exhibited impaired limb use during spontaneous ambula-
tion. The limb use score gradually decreased after sar-
coma implantation to reach a stable nadir at days 14 to 21
after sarcoma implantation (Figure 1B). A lower weight-
bearing score during standing was also observed in these
mice at days 7 to 21 after sarcoma implantation (Figure
1C). In contrast, sham-operated mice which received an
injection of culture medium without sarcoma cells in the
femur, had no spontaneous flinches and showed no
change in their limb use and weight-bearing scores (Fig-
ures 1A-C).

Next we examined the mechanical sensitivity of the
hind paw at days 14 and 21 after sarcoma implantation.
The paw withdrawal thresholds of the ipsilateral hind
paw (assessed with von Frey filaments) were significantly
lower than those on the contralateral side and also those
in control mice (Figure 1D). The values of the paw with-
drawal thresholds in sham-operated mice were similar to
those in control mice (data not shown). These results sug-
gest that the hindpaw of the cancer bearing limb has
developed hypersensitivity to mechanical stimuli applied
to the skin. Based on these initial findings we progressed
to search for electrophysiological evidence of changes in
spinal nociceptive processing in slice preparations of the
spinal cord obtained from mice 14 to 21 days after sar-
coma implantation. The excitatory synaptic responses in
the SG ipsilateral to the cancer-bearing side were com-
pared with those in control mice.

Increased amplitudes of spontaneous and miniature EPSCs 
in SG neurons of bone cancer-bearing mice
In the behavioral analysis, cancer-bearing mice exhibited
hyperalgesia in response to mechanical stimulation
applied to the hind paw. The hind paw afferent innerva-
tion synapses with second order neurons in the lumbar
spinal segments (mainly in L3-5) [31,32]. Therefore, we
first examined the passive membrane properties and the
synaptic inputs to SG neurons in the L3-5 segments. All
SG neurons examined had resting membrane potentials
more negative than -55 mV in control and cancer-bearing
mice. No differences were found in the resting membrane
potential (control, -65.3 ± 1.0 mV, n = 26; cancer, -65.7 ±
0.8 mV, n = 34; P = 0.98) and input membrane resistance
(control, 625.9 ± 62.8 MΩ, n = 26; cancer, 714.4 ± 34.5
MΩ, n = 34; P = 0.18) between the two groups.

SG neurons in control and cancer-bearing mice exhib-
ited spontaneous EPSCs (sEPSCs), recorded under volt-
age-clamp at a holding potential of -70 mV, (Figures 2A,
B). The frequency of sEPSCs was not significantly differ-
ent between the two groups (control, 10.4 ± 2.5 Hz, n =
18; cancer, 11.8 ± 3.2 Hz, n = 11; P = 0.36). The amplitude
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of sEPSC, on the other hand, was significantly larger in
cancer-bearing than control mice (control, 17.0 ± 1.5 pA,
n = 18; cancer, 25.7 ± 3.7 pA, n = 11; P < 0.01) (Figure 2C).
In the presence of TTX, the amplitude of miniature EPSC
(mEPSCs) was still significantly larger in cancer-bearing
than control mice (control, 16.8 ± 1.6 pA, n = 18; cancer,
22.3 ± 2.6 pA, n = 11; P < 0.05) (Figures 2A, B, D). The
mEPSC frequency was not significantly different between
the two groups (control, 7.5 ± 1.9 Hz, n = 18; cancer, 11.5
± 3.1 Hz, n = 11, P = 0.12). These results suggest that
there is a facilitation of excitatory synaptic transmission
onto SG neurons at lumbar levels in mice bearing cancer

in the femur, but that there is no alteration in their pas-
sive membrane properties.

The femur, the bone bearing cancer in this study, is
innervated by the femoral nerve which has its central ter-
minations mainly in the upper lumbar levels of spinal
cord (L2-3) [12]. By contrast, the hind paw, which shows
mechanical hyperalgesia, is innervated by the sciatic
nerve which terminates mainly in lumbar segments L4-5
[31,32]. We further compared the amplitude and fre-
quency of mEPSCs in cancer-bearing mice among three
groups of SG neurons which were in different lumbar lev-
els: SG neurons in spinal cord slices at lumbar levels of

Figure 1 Spontaneous and movement evoked pain-related behaviors and mechanical hyperalgesia following sarcoma implantation in the 
femur. Time course of the number of spontaneous flinches of the cancer-bearing hind limb (A), unimpaired limb use score during spontaneous am-
bulation (B) and weight bearing score during standing (C) following sarcoma implantation (n = 6 for each test, closed circles). *Significantly different 
from the values obtained from sham-operated mice (n = 6 for each test, open squares), P < 0.05 (the Kruskal-Wallis test followed by the Scheffe test). 
Withdrawal thresholds to von Frey filament stimulation to the hind paw skin ipsilateral to cancer-bearing femur at 14 and 21 days after sarcoma im-
plantation (n = 14) (D). *Significantly different from the values for the stimulation applied to the contralateral paw of cancer-bearing mice (n = 14) and 
those obtained from control mice (n = 20), P < 0.05 (non-repeated measures ANOVA by post hoc test or Dunnett's test). Values represent means ± 
S.E.M.
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L2-3, L4 or L5. However, there were no significant differ-
ences in the frequency (L2-3, 10.4 ± 3.1 Hz, n = 5; L4, 10.6
± 5.3 Hz, n = 6; L5, 10.7 ± 2.1 Hz, n = 12; P = 0.72) and
amplitude (L2-3, 16.8 ± 2.3 pA, n = 5; L4, 19.3 ± 3.2 pA, n
= 6; L5, 21.7 ± 2.6 pA, n = 12; P = 0.36) of mEPSCs among

the three groups in cancer-bearing mice (Figure 2E).
These results suggest that increased excitatory synaptic
responses in the SG are not restricted to the area of cen-
tral terminations of the afferent fibers innervating can-
cerous bones, and are detected throughout wide area of

Figure 2 Spontaneous and miniature EPSCs evoked in SG neurons at lumbar spinal levels in control and cancer-bearing mice. Representa-
tive traces of sEPSCs and mEPSCs in control (A) and cancer-bearing mice (B). Horizontal bars given above the traces show the duration of drug appli-
cation. Two lower records in A and B: consecutive traces of EPSCs in the absence (right) and presence (left) of TTX shown in an expanded scale in time. 
The frequency (left) and amplitude (right) of sEPSCs (C) and mEPSCs (D) in SG neurons at spinal levels of L3-5. The amplitudes of sEPSCs and mEPSCs 
were significantly larger in cancer-bearing than control mice, *P < 0.05 (unpaired t-test). The frequency and amplitude of mEPSCs at different lumber 
levels (L2-3, n = 5; L4, n = 6; L5, n = 12) in cancer-bearing mice (E). There were no significant differences in the frequency and amplitude of mEPSCs 
between the three groups. Values represent means ± S.E.M.
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lumbar levels. To explore this further we examined syn-
aptic responses elicited in SG neurons at the lumbar lev-
els of L4-5 whose dermatomes include the hind paw.

Increased AMPA-induced currents and evoked EPSCs in 
bone cancer-bearing mice
In order to determine whether the increased amplitude of
mEPSCs in cancer-bearing mice was postsynaptic in ori-
gin, we compared AMPA-induced currents elicited in
postsynaptic SG neurons between the two groups. At a
holding potential of -70 mV, application of AMPA (10
μM) elicited an inward current in all SG neurons tested in
control and cancer-bearing mice. The peak amplitude of
the AMPA-induced current was significantly larger in
cancer-bearing than control mice (control, 127.2 ± 21.5
pA, n = 12; cancer, 260.0 ± 35.0 pA, n = 23; P < 0.01) (Fig-
ures 3A, B). The times to peak of the AMPA response in
control and cancer-bearing mice were 1.80 ± 0.27 min (n
= 12) and 1.53 ± 0.22 min (n = 23), respectively. There
was no significant difference between the groups (P >
0.05, unpaired t-test).

Next we examined whether evoked synaptic responses
mediated by AMPA receptors were also enhanced in can-
cer-bearing mice. In the presence of a GABAA receptor
antagonist bicuculline (10 μM) and a glycine receptor
antagonist strychnine (2 μM), a monopolar stimulating
electrode was placed near the recorded SG neuron, and
EPSCs evoked by the focal stimulation were compared
between the two groups (at a holding potential of -70
mV). The focally evoked EPSCs were completely inhib-
ited by supplemental addition of CNQX (10 μM) (control,
n = 7; cancer, n = 15). The amplitude of focal AMPA
receptor-mediated EPSCs (focal AMPAR-EPSCs) was
significantly larger in cancer-bearing than control mice
(control, 101.1 ± 13.7 pA, n = 7; cancer, 226.8 ± 40.1 pA, n
= 15; P < 0.05) (Figures 3C, D). We further examined the
focally evoked EPSCs mediated by NMDA receptors
(focal NMDAR-EPSCs) in the two groups, in the pres-
ence of CNQX (10 μM), bicuculline (10 μM) and strych-
nine (2 μM) at a holding potential of +40 mV (to reveal
the NMDA mediated component). The focal NMDAR-
EPSCs had a long duration (~400 ms), and the responses
were completely suppressed by supplemental addition of
APV (50 μM; control, n = 2; cancer, n = 2). The amplitude
of focal NMDAR-EPSCs was also significantly increased
in cancer-bearing mice (control, 51.6 ± 18.4 pA, n = 7;
cancer, 116.4 ± 16.9 pA, n = 15; P < 0.05) (Figure 3E).
There was little correlation between the normalized focal
NMDAR- and AMPAR-EPSCs elicited in individual SG
neurons of cancer-bearing mice (r = 0.20) (Figure 3F).
This suggests that the AMPA and NMDA receptor-medi-
ated EPSCs in individual SG neurons are not concor-
dantly increased and also that the increased amplitudes

of the miniature and evoked responses of SG neurons in
cancer-bearing mice are unlikely to be due simply to an
increase in presynaptic glutamate release.

Plastic changes in spinal sensory pathways to SG neurons 
from afferent fibers in bone cancer-bearing mice
Previous studies have shown that spinal sensory pathways
to SG neurons from afferent fibers are drastically
changed in other neuropathic pain models such as
inflammation or peripheral nerve injuries [27-29]. To
evaluate whether the excitatory afferent synaptic inputs
to SG neurons were also changed in cancer-bearing mice,
EPSCs evoked by stimulation of the dorsal root attached
to the spinal cord slices were compared between the two
groups (Figure 4A). In control and cancer-bearing mice,
stimulation of the dorsal root evoked monosynaptic and/
or polysynaptic EPSCs in 48 out of 228 (21%) and 62 out
of 160 (39%) SG neurons, respectively. The dorsal root-
evoked EPSCs could be classified into two groups based
on the conduction velocities and stimulus intensities (Aδ
and C afferent fiber-evoked responses, see METHODS).
In control mice, monosynaptic Aδ and C fiber-evoked
EPSCs were detected in 13 and 12 SG neurons, respec-
tively, with an average conduction velocity of 3.50 ± 0.34
and 0.63 ± 0.04 m/s. Aδ and C fiber-evoked EPSCs in
cancer-bearing mice were detected in 14 and 10 SG neu-
rons, respectively, with an average conduction velocity of
3.00 ± 0.20 and 0.64 ± 0.04 m/s. The values of conduction
velocities for Aδ and C fiber-evoked EPSCs were consis-
tent with those obtained from SG neurons of rats [27-29].
There was no significant difference in the numbers of SG
neurons receiving the monosynaptic EPSCs from Aδ or C
fibers between the two groups (Table 1, χ2-test, P > 0.05)
(Table 1). The amplitude of monosynaptic Aδ fiber-
evoked EPSCs was not changed across groups (control,
199.0 ± 32.8 pA, n = 13; cancer, 199.6 ± 37.6 pA, n = 14; P
= 0.49) (Figures 4B, C). In contrast, the amplitude of
monosynaptic C fiber-evoked EPSCs was significantly
increased in cancer-bearing mice relative to that in con-
trol mice (control, 106.6 ± 31.7 pA, n = 12; cancer, 147.3
±13.8 pA, n = 10; P < 0.05) (Figures 4D, E). Furthermore,
the proportion of SG neurons receiving polysynaptic Aδ
or C fiber-evoked EPSCs was increased in cancer-bearing
mice (Table 1, χ2-test, P < 0.05). There were no changes in
the amplitude of polysynaptic Aδ fiber-evoked EPSCs
(control, 139.3 ± 23.7 pA, n = 26; cancer, 150.2 ± 14.0 pA,
n = 34, P = 0.33) nor in C fiber-evoked EPSCs (control,
78.1 ± 16.3 pA, n = 8; cancer, 99.3 ± 18.1 pA, n = 14; P =
0.22) between the two groups (Figure 5). These results
suggest that in addition to the enhanced monosynaptic
responses mediated through C fibers, the numbers of SG
neurons receiving excitatory polysynaptic inputs from Aδ
and C fibers are also increased in cancer-bearing mice.
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Figure 3 AMPA-induced inward currents and focally evoked EPSCs in SG neurons of control and cancer-bearing mice. Representative traces 
of inward currents induced by bath-application of AMPA (10 μM) in control (left) and cancer-bearing mice (right) (A). The amplitude of AMPA-induced 
inward currents was significantly greater in cancer-bearing (n = 12) than control mice (n = 14), *P < 0.05 (unpaired t-test) (B). Representative averaged 
traces of EPSCs evoked by focal stimulation through an electrode positioned near the recorded neurons in control (left) and cancer-bearing (right) 
mice (C). The amplitude of the focal stimulation-evoked (AMPAR-) EPSCs was significantly larger in cancer-bearing mice (n = 7) than control mice (n 
= 15), *P < 0.05 (unpaired t-test) (D). The amplitude of the focal stimulation-evoked (NMDAR-) EPSCs was also significantly greater in cancer-bearing 
mice (n = 7) than control mice (n = 15), *P < 0.05 (unpaired t-test) (E). Relationship between the amplitudes of the focal AMPAR- and NMDAR-EPSCs 
evoked in single SG neurons of cancer-bearing mice (F). The amplitudes of the focal NMDAR- and AMPAR-EPSCs evoked in the same SG neurons of 
cancer-bearing mice were normalized to the average amplitudes of NMDAR- and AMPAR-EPSCs of control mice, respectively, and then the normalized 
amplitudes of NMDAR-EPSCs were plotted against those of AMPAR-EPSCs. The correlation coefficient of the linear regression for the normalized am-
plitudes of NMDAR- versus AMPAR-EPSCs was 0.20 (Linear regression; y = 0.17 × + 188.32, P > 0.05). Values represent means ± S.E.M.
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Figure 4 Monosynaptic afferent fiber-evoked EPSCs in SG neurons of control and cancer-bearing mice. Monosynaptic Aδ and C fiber-evoked 
EPSCs in response to the stimulation of dorsal root attached to the spinal cord slices (A). The monosynaptic nature was clarified based on their con-
stant latencies and absence of failures with repetitive stimulations (20 Hz and 2 Hz for Aδ and C fiber's responses, respectively; see Methods). Repre-
sentative averaged traces of monosynaptic Aδ fiber-evoked EPSCs in control (left) and cancer-bearing (right) mice (B). There was no significant 
difference in the amplitude of monosynaptic Aδ fiber-evoked EPSCs between control (n = 13) and cancer-bearing (n = 14) mice (right) (C). Represen-
tative averaged traces of C fiber-evoked EPSCs in control (left) and cancer-bearing (right) mice (D). The amplitude of monosynaptic C fiber-evoked 
EPSCs was significantly increased in cancer-bearing (n = 12) than control mice (n = 10), P < 0.05 (Mann-Whitney U-test) (E). Values represent means ± 
S.E.M.
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Discussion
The present study demonstrates that excitatory synaptic
transmission is functionally enhanced in the SG through-
out wide area of lumbar spinal levels in adult bone can-
cer-bearing mice. Furthermore we show that sensory
pathways to SG neurons from Aδ and C fibers are also
plastically altered. These widespread neural changes are
likely to contribute to the "referred" hyperalgesia that
develops in the hindpaw as the sarcoma grows in the

femur. The present results indicate that bone cancer
causes a unique spinal sensitization in noxious circuitry
that is different from that induced by other neuropathic
models such as peripheral nerve injuries and inflamma-
tion [15,27-29]. However these functional changes are
compatible with the previous studies of mice with femo-
ral bone cancer showing spinal neurochemical reorgani-
zations in multiple lumbar segments of the spinal cord
[7,13,16,33].

Figure 5 Polysynaptic afferent fiber-evoked EPSCs in SG neurons of control and cancer-bearing mice. Representative traces of polysynaptic 
Aδ fiber-evoked EPSCs elicited by the stimulation of the dorsal root at 20 Hz in control (left) and cancer-bearing mice (right) (A). There was no significant 
difference in the amplitude of polysynaptic Aδ fiber-evoked EPSCs between control (n = 26) and cancer-bearing (n = 34) mice (B). Representative trac-
es of polysynaptic C fiber-evoked EPSCs (indicated by arrowheads) elicited by the stimulation of the dorsal root at 2 Hz in control (left) and cancer-
bearing (right) mice (C). The neurons shown in C received polysynaptic C fiber-evoked EPSCs and Aδ fiber-evoked ones. There was no significant dif-
ference in the amplitude of polysynaptic C fiber-evoked EPSCs between control (n = 8) and (n = 14) cancer-bearing mice, P > 0.05 (unpaired t-test) 
(D). Values represent means ± S.E.M.
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Behavioral changes and plastic alterations in a large area of 
the spinal cord following cancer cell implantation in the 
femur
To study the pathophysiology of cancer pain, several ani-
mal models of bone cancer pain have been developed for
rodents [5-8]. We used the bone cancer model of
implanting NCTC2472 osteolytic sarcoma cells, because
this model is reproducible and most widely used
[7,9,11,13,34-36]. After sarcoma implantation into the
medullary space of the femur, the cancer-bearing mice
started showing pain-related behaviors at 7 to 21 days
(Figures 1A-C). These previous studies also reported ste-
reotyped, pain-related behaviors, which included flinch-
ing and limited limb use [9-12]. Interestingly, behavioral
changes suggesting hypersensitivity of the hind paw of
bone cancer models have been reported [9,12,13]. The
finding of lowered withdrawal threshold for mechanical
stimuli applied to the paw was confirmed in our study
(Figure 1D). These findings suggest that bone cancer may
induce a spinal sensitization over a wider area of the spi-
nal cord than just the segments in which the central ter-
minals of afferent fibers innervating the cancer-bearing
tissues are located. Specifically the spinal segments
receiving afferent fibers from the cancerous femur and
the hind paw, are relatively distinct (L1-L3 for the femur;
L3-5 for the paw) [12]. This notion is supported by the
observation that c-Fos expression is upregulated in L3-
L5, and GFAP labeling is increased in L2-L5 in animals
bearing cancer in the femur [7]. An increased astrogliosis
in the spinal cord segments of T10-S1 has been also
shown in mice bearing cancer in the femur [13]. The
present study is the first study demonstrating functional
enhancement of excitatory synaptic transmission in the
SG over a similarly wide area of lumbar levels (L2-5) in
mice bearing cancer in the femur (Figure 2).

Increased spinal excitatory synaptic responses in bone 
cancer model
To examine whether there was a change at the gateway of
the spinal sensory pathways in cancer-bearing mice, we
first compared the frequency and amplitude of sEPSCs

and mEPSCs in SG neurons. We found that the amplitude
of sEPSCs and mEPSCs were significantly increased,
whereas their frequencies were unchanged (Figure 2).
These results contrast with other neuropathic pain mod-
els, in which the amplitude and frequency of sEPSCs of
SG neurons are unaffected in peripheral nerve injury
models [27,29]. The increased amplitude and unchanged
frequency in cancer-bearing mice suggested a postsynap-
tic mechanism is operative to increase the synaptic
responses in SG neurons. To confirm this notion, we
measured the amplitude of inward currents elicited in SG
neurons by application of AMPA. This finding of an
increase in the amplitude of the AMPA-induced current
in cancer-bearing mice supports the postsynaptic mecha-
nism of enhancement (Figures 3A, B). An alternative
mechanism would posit that the increased EPSC ampli-
tude could result from an increased amount of presynap-
tic glutamate release. Therefore, we measured NMDAR
and AMPAR-EPSCs in the same neurons of cancer-bear-
ing mice, and showed that the amplitude of both EPSCs
was increased in cancer-bearing mice, but the increases
of NMDAR- and AMPAR-EPSCs in single SG neurons
were not correlated (Figure 3F), again supporting the
postsynaptic mechanism. Based on these results, we con-
clude that the increased amplitudes of excitatory synaptic
responses were mainly postsynaptic in origin, although
the possibility of presynaptic changes cannot be com-
pletely ruled out.

In the present study, we did not identify how postsyn-
aptic responses mediated by AMPA and NMDA recep-
tors were increased. In inflamed animals, the subunit
composition of AMPA receptors expressed in SG neu-
rons is reported to be changed [37]. Such changes in sub-
unit composition of AMPA receptors are known to alter
the kinetics of the synaptic currents [38]. We compared
the kinetics of the evoked EPSCs (decay time to 34% of
the response) between control and cancer-bearing mice.
The decay time constants of monosynaptic C fiber-
evoked EPSCs in control and model mice were 9.2 ± 1.9
ms (n = 7) and 8.0 ± 1.1 ms (n = 7), respectively. There is
no significant difference between the two groups (P >

Table 1: Number of SG neurons receiving monosynaptic and polysynaptic inputs in control and bone cancer-bearing mice

Aδ fiber C fiber No input

Monosynaptic Control 13 (6%) 12 (5%) 203 (89%)

Cancer 14 (9%) 10 (6%) 136 (85%)

Polysynaptic Control 26 (11%) 8 (4%) 194 (85%)

Cancer 34 (21%) 14 (9%) 112 (70%)

The χ2-test revealed a significant difference in the number of cells receiving polysynaptic inputs from Aδ and C fibers between control and 
bone cancer-bearing mice (P < 0.05). The proportion of cells receiving monosynaptic inputs was not different across the groups.
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0.05, unpaired t-test). Those for monosynaptic Aδ fiber-
evoked EPSCs also did not differ between the two groups
(control, 6.3 ± 1.0 ms, n = 9; model, 4.7 ± 0.9 ms, n = 8; P
> 0.05, unpaired t-test). These results suggest that the
increased responses in the bone cancer model mice may
be due to increased expression levels of the AMPA recep-
tors with similar kinetics. Previous studies have shown
that changes in spinal NMDA receptors are involved in
the development of bone cancer pain [36]. In bone cancer
models pain-related behaviors are accompanied by
increased expression of NR2B, an NMDA receptor sub-
unit. Interleukin, IL1β released from glial cells is reported
to facilitate bone cancer pain by enhancing phosphoryla-
tion of NMDA receptor NR-1 subunit [33]. In hippocam-
pal excitatory synapses, D-serine locally released from
astrocytes induces long-term potentiation mediated by
NMDAR [39]. Therefore, we hypothesize that chemical
mediators released from glial cells may control the ampli-
tude of synaptic responses in animals bearing bone can-
cer by changing expression levels of NMDA and AMPA
receptors and their phosphorylation. However, further
experiments will be needed to elucidate the functional
mechanisms of glutamate receptor enhancement in bone
cancer pain models.

Plastic changes in spinal sensory pathways from afferent 
fibers in bone cancer model
In this study, we recorded monosynaptic EPSCs in SG
neurons mediated through Aδ and C afferent fibers in
control and cancer-bearing mice. Most of the recorded
neurons did not receive mono- or polysynaptic inputs
from afferent fibers (Table 1). The percentage of neurons
receiving monosynaptic inputs was lower in comparison
with that in previous studies using rats [27,28]. This dif-
ference may be due to different experimental conditions,
such as the smaller size of the dorsal root attached to the
same thickness of transverse spinal cord slices or species
differences. Although the number of SG neurons receiv-
ing monosynaptic inputs from Aδ and C fibers was not
significantly different between control and cancer-bear-
ing mice, the amplitude of monosynaptic C fiber-evoked
EPSCs was significantly increased in cancer-bearing
mice, whereas that of monosynaptic Aδ fiber-evoked
EPSCs was unchanged (Figure 4). This represents a
unique functional alteration in the spinal synaptic trans-
mission compared with plastic changes in other chronic
pain models (see below). The magnitude of the increase
in amplitude of monosynaptic C fiber-evoked EPSCs is,
however, modest, compared with the changes in the
amplitude of AMPA-induced currents and focal EPSCs
(Figures 3B, D). This discrepancy suggests that in addi-
tion to the direct afferent inputs, other synaptic connec-
tions to SG neurons are also modified in cancer-bearing
mice. The changes could be detected by examining

polysynaptic responses: indeed the numbers of polysyn-
aptic inputs to SG neurons mediated through Aδ and C
fibers were also increased in cancer-bearing mice (Table
1). The enhanced polysynaptic inputs might be due to
increased excitability of spinal excitatory interneurons by
increased excitatory synaptic afferent responses as men-
tioned above. Consistent with our observation that excit-
atory synaptic inputs are increased, previous studies have
also shown that the excitability (firing rates) of dorsal
horn neurons in response to sensory stimulation are
increased, and their receptive field sizes are enlarged
[8,14,40]. Furthermore, in agreement with our finding
that the amplitude of monosynaptic inputs from C fibers
is increased, previous studies have demonstrated that fir-
ing rates of dorsal horn neurons in response to stimuli
that excite C fibers are increased in the bone cancer
model [8,41]. It has been reported that myelinated and
unmyelinated afferent fibers that innervate cancerous
femur are damaged [12,42]. As tumors grow, however,
tumor-associated inflammatory cells invade the neoplas-
tic tissue and release protons that generate local acidosis
[43]. This tumor-induced release of protons is likely to
activate acid sensing afferent fibers, in particular C fibers
expressing TRPV1 or ASIC channels that innervate the
femur. The selective activation of such acid-sensing C
fibers may produce the augmented amplitude of the spi-
nal postsynaptic responses in an activity-dependent man-
ner. However, further studies will be needed to clarify
how monosynaptic C fiber-evoked response is specifi-
cally modified in bone cancer pain model. In other neuro-
pathic pain models (peripheral nerve injury and
inflammation models), mono or polysynaptic inputs
mediated through Aβ fibers are reported to be increased
in the SG [27-29]. In the present study, we could not
detect Aβ fiber-mediated EPSCs in SG neurons of both
normal and bone cancer-bearing mice. These differences
may account for the different mechanisms that generate
bone cancer pain and other neuropathic pain.

Conclusions
The present study demonstrated that bone cancer pain
causes an augmentation of excitatory synaptic transmis-
sion in the SG over a wide area of spinal lumbar segments
whose dermatomes include the hind paw, and a plastic
change in afferent synaptic inputs to SG neurons. This
spinal sensitization may be one of the underlying mecha-
nisms for the development of chronic bone cancer pain.

Methods
Animals
Experiments were conducted using adult male C3H/HeJ
mice (20 - 25 g, 4 - 6 weeks of age) purchased from Japan
SLC (Hamamatsu, Japan). The mice were housed in a
temperature-controlled room (21 ± 1°C) with a 12 h light/
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dark cycle, and given free access to food and water. The
animal experiments were approved by the Sapporo Medi-
cal University Animal Care Committee and the commit-
tee of the ethics on Animal Experiment, Kyushu
University, and were conducted in accordance with the
Guidelines of the Japanese Physiological Society and the
Ethical Guidance and of the National Institutions of
Health, USA. All efforts were made to minimize animal
suffering and to reduce the number of animals that were
used.

Bone cancer pain model
Murine sarcoma cells (NCTC 2472; ATCC, Rockville,
MD, USA) were maintained in NCTC 135 media contain-
ing 10% horse serum (HyClone, Logan, UT, USA) and
passaged weekly according to the ATCC recommenda-
tion. Implantation of sarcoma cells was performed as pre-
viously described [16]. Briefly, mice were anesthetized
with isoflurane (3% in 100% oxygen), and a superficial
incision was made in the skin overlying the left patella.
The patellar ligament was then cut to expose the condyle
of the distal femur. A 0.5 mm depression was made using
a half-round burr in a pneumatic dental high-speed
handpiece to facilitate mechanical retention of the amal-
gam plug. Then, either 20 μl of α-minimum essential
medium (for sham-operated mice) or 20 μl of medium
containing 1×105 sarcoma cells was injected using a 0.25
ml syringe with a 29 gauge needle. To prevent leakage of
cells outside the bone, the injection site was closed with
dental-grade amalgam, followed by copious irrigation
with filtered water. The wound was then closed.

Behavioral analysis
Quantification of spontaneous flinches was used for
assessment of ongoing pain as described previously [44].
The number of spontaneous flinches was recorded dur-
ing a 2 min observation period. Flinches were defined as
holding of the hind paw aloft while not ambulatory. Limb
use during spontaneous ambulation was assigned scores
on a scale of 0 - 4: 0, complete lack of limb use; 1, relative
lack of use of the limb in locomotor activity; 2, limping
and guarding behavior; 3, substantial limping; 4, normal
use [11,44]. Weight-bearing during standing was scored
on a scale of 0 - 3: 0, no weight-bearing (the hind paw on
the injected side is always lifted and never touches the
floor); 1, touch weight-bearing (the hind paw on the
injected side is lifted from the floor but occasionally
touches it); 2, partial weight-bearing (partial support of
body weight with the hind limb on the injected side); 3,
full weight-bearing (full support of 100% of body weight
with both hind limbs) [11,44]. In von Frey test, paw with-
drawal thresholds in response to probing with von Frey
filaments were determined in the manner described by
Chaplan et al [45]. Mice were kept in suspended cages

with a wire mesh floor, and von Frey filaments were
applied perpendicularly to the plantar surface of the ipsi-
lateral paw until it buckled slightly and was held for 3 sec-
onds. A positive response was indicated by a sharp
withdrawal of the paw. An initial probe equivalent to
0.008 g was applied and if the response was negative, the
stimulus was incrementally increased until a positive
response was obtained, then decreased until a negative
result was obtained. Mice were allowed to habituate for
30 min before the above all behavioral tests were per-
formed.

Preparation of spinal cord slices and electrophysiological 
recordings
The methods used to obtain mouse spinal cord slices with
an attached dorsal root were described elsewhere [46,47].
Briefly, the mouse was anesthetized with urethane (1.2 g/
kg, i.p.), and a lumbosacral laminectomy (Th11-S1) was
performed. The lumbar spinal cord (L1-L6) was removed
and placed in preoxygenated cold Krebs solution (1 -
3°C). The mouse was then immediately killed by exsan-
guination. After cutting all the ventral and dorsal roots
near the entry zone, except for the L4 or L5 dorsal root on
one side, the pia-arachnoid membrane was removed. The
spinal cord was mounted on a microslicer (DSK PRO7,
Dosaka, Kyoto, Japan) and then a 600-μm thick transverse
slice with the dorsal root was cut. To compare mEPSCs
among three groups of SG neurons at different lumbar
levels (L2-3, L4 or L5) of spinal cord slices in cancer-bear-
ing mice, we made spinal cord slices with an attached
short length (1-2 mm) of rootlet of L2-3, L4 or L5. We
first identified the L5 root attached to isolated spinal
cord, since the width of L5 rootlet near the entry zone
was largest (~2 mm). We then identified the L4 and L2-3
whose rootlet widths were ~1.5 mm and ~1.2 mm,
respectively. All the roots were cut and removed except
for one short length of the rootlet of L2-3, L4 or L5. After
making the spinal cord slices, we identified the lumbar
level of slices with the rootlet. The slice was placed on a
nylon mesh in the recording chamber (a volume of 0.5
ml), and was completely submerged and perfused at a
rate of 12-15 ml/min with Krebs solution equilibrated
with 95% O2 and 5% CO2 at 36 ± 1°C. The Krebs solution
contained (in mM): 117 NaCl, 3.6 KCl, 2.5 CaCl2, 1.2
MgCl2, 1.2 NaH2PO4, 25 NaHCO3 and 11 glucose.

Blind whole-cell patch clamp recordings were made
from SG neurons with patch-pipette electrodes having a
resistance of 8 - 15 MΩ. Neurons in the SG were identi-
fied under a binocular microscope in which the SG could
be easily distinguished as a colorless band located in the
superficial dorsal horn as shown in adult rats [47,48]. The
composition of the patch-pipette solution was as follows
(in mM): 135 K-gluconate, 5 KCl, 0.5 CaCl2, 2 MgCl2, 5
EGTA, 5 HEPES, and 5 ATP (magnesium salt) (pH 7.2,
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adjusted with KOH, 285 m osmol/l). Cs-based patch-
pipette solution composed of 110 Cs2SO4, 5 tetraeth-
ylammonium (TEA), 0.5 CaCl2, 2 MgCl2, 5 EGTA, 5
HEPES, and 5 ATP (magnesium salt) (pH 7.2, adjusted
with CsOH, 285 m osmol/l) was used for recording N-
methyl-D-aspartate (NMDA) receptor mediated
responses at a holding potential of +40 mV. Signals were
acquired with an Axopatch 200B amplifier (Molecular
Devices, California, USA). Currents in the voltage-clamp
mode were low-pass filtered at 2-5 kHz and digitized at
333 kHz with an A/D converter (Digidata 1322, Molecu-
lar Device). The data were stored and analyzed using
Clampex 9.0 software (Molecular Device) and MiniAnal-
ysis software (version 6.0.7, Synaptosoft, Inc., Decatur,
USA). Focal EPSCs were evoked at a frequency of 0.2 Hz
by stimulation with a monopolar silver wire electrode
(diameter: 50 μm), insulated except for the tip, located
within 250 μm of the recorded neurons, as reported pre-
viously [49]. Root-evoked EPSCs were elicited by stimuli
given to the dorsal root at a frequency of 0.2 Hz (unless
otherwise mentioned) via a suction electrode. Aδ or C
fiber-evoked EPSCs were distinguished on the basis of
the conduction velocity of afferent fibers (Aδ, 2-13 m/s;
C, < 0.8 m/s) and stimulus threshold (Aδ, 10-60 μA; C,
160-530 μA), as described previously [28]. The Aδ and C
responses were considered as monosynaptic in origin
when the latency remained constant and there was no
failure during stimulation at 20 Hz for the Aδ fiber-
evoked EPSCs, and at 2 Hz for the C fiber-evoked EPSCs
[28]. The threshold for polysynaptic inputs was some-
times higher than that for monosynaptic inputs. How-
ever, the threshold for polysynaptic Aδ fiber-evoked
inputs were always lower than those for monosynaptic C
fiber-evoked EPSCs. For the Aδ fiber-evoked EPSCs,
therefore, we differentiated between mono- or polysyn-
aptic nature with the stimulus intensity which is 1.5 times
higher than the threshold and yet is still much lower than
that for C fibers. To know whether polysynaptic C fiber
inputs are evoked in recorded neurons, we used a supra-
maximal amplitude of stimulus current (10 mA) for all of
the recorded cells.

Statistical analysis
All numerical data are expressed as mean ± SEM. Statisti-
cal significance was determined at the P < 0.05 level using
unpaired t-test or Mann-Whitney U-test at comparison
between 2 groups, and using non-repeated measures
ANOVA by post hoc test or Dunnett's test at comparison
between 3 groups.

Abbreviations
AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; APV: D-2-
amino-5-phosphonovaleric acid; ATCC: American Type Culture Collection;
EGTA: ethyleneglycol-bis (b-aminoethyl)-n,n,n',n'-tetraacetic acid; EPSCs: excit-
atory post synaptic currents; focal AMPAR-EPSCs: focal AMPA receptor-medi-

ated EPSCs; focal NMDAR-EPSCs: focal NMDA receptor-mediated EPSCs; HEPES:
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; ATP: adenosine triphos-
phate; IL 1β: interleukin 1β mEPSCs: miniature EPSCs; CNS: central nervous sys-
tem; NMDA: N-methyl-D-aspartate; sEPSCs: spontaneous excitatory post
synaptic currents; SG: substantia gelatinosa; TEA: tetraethylammonium; CNQX:
6-cyno-7-nitro-quinoxaline-2,3-dione; TTX: tetrodotoxin

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
YY carried out the majority of the experiments and the data analysis. JY and SF
participated in producing bone cancer pain model mice and conducted
behavioral experiments. DU performed additional experiments. HF, KI, TK, and
YY conceptualized the project and formulated the hypothesis and wrote the
manuscript. HF, YI and MY designed and directed the experiments. All authors
read and approved the final manuscript.

Acknowledgements
This study was supported by a grant from 21 st Century Center of Excellence, 
COE, Program in Kyushu University and Grants-in-Aid for Scientific Research of 
the Ministry of Education, Science, Sports and Culture of Japan. We thank Dr. 
Anthony E. Pickering, Dr. Shin'Ichiro Satake and Dr. Go Kato for helpful com-
ments, and Hiroko Mizuguchi-Takase for technical assistance.

Author Details
1Department of Integrative Physiology, Graduate School of Medical Sciences, 
Kyushu University, Fukuoka, Japan, 2Department of Orthopedic Surgery, 
Kyushu University, Fukuoka, Japan, 3Department of Information Physiology, 
National Institute for Physiological Sciences, Okazaki, Japan, 4Department of 
Anesthesiology, Sapporo Medical University, Sapporo, Japan, 5Department of 
Anesthesiology and Resuscitology, Shinshu University School of Medicine, 
Matsumoto, Japan and 6Graduate School of Health Sciences, Kumamoto 
Health Science University, Kumamoto, Japan

References
1. Mercadante S: Malignant bone pain: pathophysiology and treatment.  

Pain 1997, 69:1-18.
2. Portenoy RK, Payne D, Jacobsen P: Breakthrough pain: characteristics 

and impact in patients with cancer pain.  Pain 1999, 81:129-134.
3. Koshy RC, Grossman SA: Tumor bone diseases and osteoporosis in 

cancer patients.  In Treatment of bone pain Edited by: Body J-J. New York: 
Marcel Decker; 2000. 

4. Carr D, Goudas L, Lawrence D, et al.: Management of cancer symptoms: 
pain, depression, and fatigue.  Rockville, MD: Agency for Healthcare and 
Research Quality; 2002. 

5. Cain DM, Wacnik PW, Turner M, Wendelschafer-Crabb G, Kennedy WR, 
Wilcox GL, Simone DA: Functional interactions between tumor and 
peripheral nerve: changes in excitability and morphology of primary 
afferent fibers in a murine model of cancer pain.  J Neurosci 2001, 
21:9367-9376.

6. Medhurst SJ, Walker K, Bowes M, Kidd BL, Glatt M, Muller M, Hattenberger 
M, Vaxelaire J, O'Reilly T, Wotherspoon G, et al.: A rat model of bone 
cancer pain.  Pain 2002, 96:129-140.

7. Schwei MJ, Honore P, Rogers SD, Salak-Johnson JL, Finke MP, Ramnaraine 
ML, Clohisy DR, Mantyh PW: Neurochemical and cellular reorganization 
of the spinal cord in a murine model of bone cancer pain.  J Neurosci 
1999, 19:10886-10897.

8. Urch CE, Donovan-Rodriguez T, Dickenson AH: Alterations in dorsal horn 
neurones in a rat model of cancer-induced bone pain.  Pain 2003, 
106:347-356.

9. Brainin-Mattos J, Smith ND, Malkmus S, Rew Y, Goodman M, Taulane J, 
Yaksh TL: Cancer-related bone pain is attenuated by a systemically 
available delta-opioid receptor agonist.  Pain 2006, 122:174-181.

10. Ghilardi JR, Rohrich H, Lindsay TH, Sevcik MA, Schwei MJ, Kubota K, 
Halvorson KG, Poblete J, Chaplan SR, Dubin AE, et al.: Selective blockade 
of the capsaicin receptor TRPV1 attenuates bone cancer pain.  J 
Neurosci 2005, 25:3126-3131.

Received: 2 March 2010 Accepted: 5 July 2010 
Published: 5 July 2010
This article is available from: http://www.molecularpain.com/content/6/1/38© 2010 Yanagisawa et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Molecular Pain 2010, 6:38

http://www.molecularpain.com/content/6/1/38
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9060007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10353500
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11717370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11932069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10594070
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14659517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16545911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15788769


Yanagisawa et al. Molecular Pain 2010, 6:38
http://www.molecularpain.com/content/6/1/38

Page 13 of 13
11. Niiyama Y, Kawamata T, Yamamoto J, Omote K, Namiki A: Bone cancer 
increases transient receptor potential vanilloid subfamily 1 expression 
within distinct subpopulations of dorsal root ganglion neurons.  
Neuroscience 2007, 148:560-572.

12. Peters CM, Ghilardi JR, Keyser CP, Kubota K, Lindsay TH, Luger NM, Mach 
DB, Schwei MJ, Sevcik MA, Mantyh PW: Tumor-induced injury of primary 
afferent sensory nerve fibers in bone cancer pain.  Exp Neurol 2005, 
193:85-100.

13. Hald A, Nedergaard S, Hansen RR, Ding M, Heegaard AM: Differential 
activation of spinal cord glial cells in murine models of neuropathic 
and cancer pain.  Eur J Pain 2009, 13:138-145.

14. Khasabov SG, Hamamoto DT, Harding-Rose C, Simone DA: Tumor-evoked 
hyperalgesia and sensitization of nociceptive dorsal horn neurons in a 
murine model of cancer pain.  Brain Res 2007, 1180:7-19.

15. Woolf CJ, Salter MW: Plasticity and pain: role of the dorsal horn.  In Wall 
and Melzack's Textbook of Pain 5th edition. Edited by: McMahon SB, 
Koltzenburg, M. Amsterdam: Elsevier; 2006:91-105. 

16. Honore P, Rogers SD, Schwei MJ, Salak-Johnson JL, Luger NM, Sabino MC, 
Clohisy DR, Mantyh PW: Murine models of inflammatory, neuropathic 
and cancer pain each generates a unique set of neurochemical 
changes in the spinal cord and sensory neurons.  Neuroscience 2000, 
98:585-598.

17. Brown AG: The dorsal horn of the spinal cord.  Q J Exp Physiol 1982, 
67:193-212.

18. Cervero F, Iggo A: The substantia gelatinosa of the spinal cord: a critical 
review.  Brain 1980, 103:717-772.

19. Kumazawa T, Perl ER: Excitation of marginal and substantia gelatinosa 
neurons in the primate spinal cord: indications of their place in dorsal 
horn functional organization.  J Comp Neurol 1978, 177:417-434.

20. Light AR, Trevino DL, Perl ER: Morphological features of functionally 
defined neurons in the marginal zone and substantia gelatinosa of the 
spinal dorsal horn.  J Comp Neurol 1979, 186:151-171.

21. Light AR, Perl ER: Reexamination of the dorsal root projection to the 
spinal dorsal horn including observations on the differential 
termination of coarse and fine fibers.  J Comp Neurol 1979, 186:117-131.

22. Sugiura Y, Lee CL, Perl ER: Central projections of identified, 
unmyelinated (C) afferent fibers innervating mammalian skin.  Science 
1986, 234:358-361.

23. Yoshimura M, Jessell T: Amino acid-mediated EPSPs at primary afferent 
synapses with substantia gelatinosa neurones in the rat spinal cord.  J 
Physiol 1990, 430:315-335.

24. Furue H, Narikawa K, Kumamoto E, Yoshimura M: Responsiveness of rat 
substantia gelatinosa neurones to mechanical but not thermal stimuli 
revealed by in vivo patch-clamp recording.  J Physiol 1999, 521(Pt 
2):529-535.

25. Light AR, Willcockson HH: Spinal laminae I-II neurons in rat recorded in 
vivo in whole cell, tight seal configuration: properties and opioid 
responses.  J Neurophysiol 1999, 82:3316-3326.

26. Woolf CJ, Fitzgerald M: The properties of neurones recorded in the 
superficial dorsal horn of the rat spinal cord.  J Comp Neurol 1983, 
221:313-328.

27. Kohno T, Moore KA, Baba H, Woolf CJ: Peripheral nerve injury alters 
excitatory synaptic transmission in lamina II of the rat dorsal horn.  J 
Physiol 2003, 548:131-138.

28. Nakatsuka T, Park JS, Kumamoto E, Tamaki T, Yoshimura M: Plastic 
changes in sensory inputs to rat substantia gelatinosa neurons 
following peripheral inflammation.  Pain 1999, 82:39-47.

29. Okamoto M, Baba H, Goldstein PA, Higashi H, Shimoji K, Yoshimura M: 
Functional reorganization of sensory pathways in the rat spinal dorsal 
horn following peripheral nerve injury.  J Physiol 2001, 532:241-250.

30. Honore P, Luger NM, Sabino MA, Schwei MJ, Rogers SD, Mach DB, O'Keefe 
PF, Ramnaraine ML, Clohisy DR, Mantyh PW: Osteoprotegerin blocks 
bone cancer-induced skeletal destruction, skeletal pain and pain-
related neurochemical reorganization of the spinal cord.  Nat Med 2000, 
6:521-528.

31. Ritter AM, Woodbury CJ, Davis BM, Albers K, Koerber HR: Excess target-
derived neurotrophin-3 alters the segmental innervation of the skin.  
Eur J Neurosci 2001, 14:411-418.

32. Takahashi Y, Chiba T, Kurokawa M, Aoki Y: Dermatomes and the central 
organization of dermatomes and body surface regions in the spinal 
cord dorsal horn in rats.  J Comp Neurol 2003, 462:29-41.

33. Zhang RX, Liu B, Li A, Wang L, Ren K, Qiao JT, Berman BM, Lao L: 
Interleukin 1beta facilitates bone cancer pain in rats by enhancing 
NMDA receptor NR-1 subunit phosphorylation.  Neuroscience 2008, 
154:1533-1538.

34. Clohisy DR, Ogilvie CM, Carpenter RJ, Ramnaraine ML: Localized, tumor-
associated osteolysis involves the recruitment and activation of 
osteoclasts.  J Orthop Res 1996, 14:2-6.

35. Furuse S, Kawamata T, Yamamoto J, Niiyama Y, Omote K, Watanabe M, 
Namiki A: Reduction of bone cancer pain by activation of spinal 
cannabinoid receptor 1 and its expression in the superficial dorsal 
horn of the spinal cord in a murine model of bone cancer pain.  
Anesthesiology 2009, 111:173-186.

36. Gu X, Zhang J, Ma Z, Wang J, Zhou X, Jin Y, Xia X, Gao Q, Mei F: The role of 
N-methyl-d-aspartate receptor subunit NR2B in spinal cord in cancer 
pain.  Eur J Pain 2009, 14:496-502.

37. Katano T, Furue H, Okuda-Ashitaka E, Tagaya M, Watanabe M, Yoshimura 
M, Ito S: N-ethylmaleimide-sensitive fusion protein (NSF) is involved in 
central sensitization in the spinal cord through GluR2 subunit 
composition switch after inflammation.  Eur J Neurosci 2008, 
27:3161-3170.

38. Liu SJ, Zukin RS: Ca2+-permeable AMPA receptors in synaptic plasticity 
and neuronal death.  Trends Neurosci 2007, 30:126-134.

39. Henneberger C, Papouin T, Oliet SH, Rusakov DA: Long-term potentiation 
depends on release of D-serine from astrocytes.  Nature 463:232-236.

40. Donovan-Rodriguez T, Dickenson AH, Urch CE: Superficial dorsal horn 
neuronal responses and the emergence of behavioural hyperalgesia in 
a rat model of cancer-induced bone pain.  Neurosci Lett 2004, 360:29-32.

41. Donovan-Rodriguez T, Urch CE, Dickenson AH: Evidence of a role for 
descending serotonergic facilitation in a rat model of cancer-induced 
bone pain.  Neurosci Lett 2006, 393:237-242.

42. Mach DB, Rogers SD, Sabino MC, Luger NM, Schwei MJ, Pomonis JD, 
Keyser CP, Clohisy DR, Adams DJ, O'Leary P, Mantyh PW: Origins of 
skeletal pain: sensory and sympathetic innervation of the mouse 
femur.  Neuroscience 2002, 113:155-166.

43. Mantyh PW: Cancer pain: causes, consequences and therapeutic 
opportunities.  In Wall and Melzack's Textbook of Pain 5th edition. Edited 
by: McMahon SB, Koltzenburg, M. Amsterdam: Elsevier; 2006:1087-1097. 

44. Luger NM, Honore P, Sabino MA, Schwei MJ, Rogers SD, Mach DB, Clohisy 
DR, Mantyh PW: Osteoprotegerin diminishes advanced bone cancer 
pain.  Cancer Res 2001, 61:4038-4047.

45. Chaplan SR, Pogrel JW, Yaksh TL: Role of voltage-dependent calcium 
channel subtypes in experimental tactile allodynia.  J Pharmacol Exp 
Ther 1994, 269:1117-1123.

46. Yang K, Kumamoto E, Furue H, Li YQ, Yoshimura M: Action of capsaicin on 
dorsal root-evoked synaptic transmission to substantia gelatinosa 
neurons in adult rat spinal cord slices.  Brain Res 1999, 830:268-273.

47. Yoshimura M, Nishi S: Blind patch-clamp recordings from substantia 
gelatinosa neurons in adult rat spinal cord slices: pharmacological 
properties of synaptic currents.  Neuroscience 1993, 53:519-526.

48. Yajiri Y, Yoshimura M, Okamoto M, Takahashi H, Higashi H: A novel slow 
excitatory postsynaptic current in substantia gelatinosa neurons of the 
rat spinal cord in vitro.  Neuroscience 1997, 76:673-688.

49. Kohno T, Kumamoto E, Higashi H, Shimoji K, Yoshimura M: Actions of 
opioids on excitatory and inhibitory transmission in substantia 
gelatinosa of adult rat spinal cord.  J Physiol 1999, 518(Pt 3):803-813.

doi: 10.1186/1744-8069-6-38
Cite this article as: Yanagisawa et al., Bone cancer induces a unique central 
sensitization through synaptic changes in a wide area of the spinal cord 
Molecular Pain 2010, 6:38

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17656027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15817267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18499488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17935703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10869852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6281848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7437888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=412881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=447881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=447880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3764416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1982314
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10581321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10601463
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6197429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12576493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10422658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11283238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10802707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11553291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12761822
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18554806
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8618161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19512863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19815434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18598260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17275103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20075918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15082171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16256273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12123694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11358823
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8014856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10366683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8098516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9135042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10420016

