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Analgesic effects of adenylyl cyclase
inhibitor NB001 on bone cancer pain
in a mouse model
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Abstract

Background: Cancer pain, especially the one caused by metastasis in bones, is a severe type of pain. Pain becomes chronic

unless its causes and consequences are resolved. With improvements in cancer detection and survival among patients, pain

has been considered as a great challenge because traditional therapies are partially effective in terms of providing relief.

Cancer pain mechanisms are more poorly understood than neuropathic and inflammatory pain states. Chronic inflammatory

pain and neuropathic pain are influenced by NB001, an adenylyl cyclase 1 (AC1)-specific inhibitor with analgesic effects. In this

study, the analgesic effects of NB001 on cancer pain were evaluated.

Results: Pain was induced by injecting osteolytic murine sarcoma cell NCTC 2472 into the intramedullary cavity of the

femur of mice. The mice injected with sarcoma cells for four weeks exhibited significant spontaneous pain behavior and

mechanical allodynia. The continuous systemic application of NB001 (30 mg/kg, intraperitoneally, twice daily for three days)

markedly decreased the number of spontaneous lifting but increased the mechanical paw withdrawal threshold. NB001

decreased the concentrations of cAMP and the levels of GluN2A, GluN2B, p-GluA1 (831), and p-GluA1 (845) in the anterior

cingulate cortex, and inhibited the frequency of presynaptic neurotransmitter release in the anterior cingulate cortex of the

mouse models.

Conclusions: NB001 may serve as a novel analgesic to treat bone cancer pain. Its analgesic effect is at least partially due to

the inhibition of AC1 in anterior cingulate cortex.
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Introduction

Similar to the liver and lungs, bones are easily attacked
by malignant tumors; as a consequence, this condition
exacerbates and progresses to bone cancer because bones
contain a richer blood supply than other organs do.
Either primary or secondary (metastatic) bone cancer
usually causes severe pain in early stages. Pain gradually
worsens as cancer progresses and thus seriously reduces
the quality of life of patients. As a type of chronic pain,
bone cancer pain manifests in three forms, namely, basic
continuous pain, spontaneous or incident-breakthrough
pain, and allodynia. Although the exact mechanism of
bone cancer pain remains unclear, symptoms may gen-
erally be related to local nerve damage (neuropathic

1Department of Orthopedics, Nanjing General Hospital of Nanjing Military

Command, Second Military Medical University, Nanjing, China
2Department of Pharmacology, School of Pharmacy, Fourth Military

Medical University, Xi’an, China
3Department of Physiology, Faculty of Medicine, University of Toronto,

Toronto, Ontario, Canada
4Center for Neuron and Disease, Frontier Institutes of Life Science and of

Science and Technology, Xi’an Jiaotong University, Xi’an, China

Corresponding author:

Ming-gao Zhao, Department of Pharmacology, School of Pharmacy, Fourth

Military Medical University, Xi’an 710032, China.

Email: minggao@fmmu.edu.cn

Molecular Pain

Volume 12: 1–9

! The Author(s) 2016

Reprints and permissions:

sagepub.co.uk/journalsPermissions.nav

DOI: 10.1177/1744806916652409

mpx.sagepub.com

Creative Commons Non Commercial CC-BY-NC: This article is distributed under the terms of the Creative Commons Attribution-

NonCommercial 3.0 License (http://www.creativecommons.org/licenses/by-nc/3.0/) which permits non-commercial use, reproduction and

distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://

us.sagepub.com/en-us/nam/open-access-at-sage).



pain) and inflammatory environmental stimuli (inflam-
matory pain).1,2

Classic treatment approaches for bone cancer pain are
usually combined with analgesic drugs and radiotherapy,
but the overall efficiency is less than satisfactory. Three
types of analgesic drugs are available. (a) Non-steroidal
anti-inflammatory drugs (NSAIDs) are represented by
COX-2 inhibitors, such as celecoxib. These drugs pro-
vide advantages, including few side effects. However,
these drugs also exhibit disadvantages, including limited
efficacy when they are used alone. (b) Opioids include
morphine, which is a classic medication in this field.
On the one hand, opioids provide several benefits,
including rapid action and targeted effect; on the other
hand, opioids cause disadvantages, such as dose depend-
ence and highly addictive effects. As a consequence,
the long-term use of opioids induces drowsiness, con-
stipation, tolerance, and other adverse reactions.
(c) Bisphosphonate drugs, such as pamidronic acid and
zoledronic acid, confer many advantages, such as
increase in bone mass, bone metastasis inhibition, and
pain relief. However, positive outcomes occur gradually;
for instance, analgesic properties require at least six
months to take effect. Thus far, none of the available
drugs elicit efficacious analgesic effects with minimal sig-
nificant side effects on bone cancer pain.3–5

The development of chronic pain is closely related to
neuronal synaptic plasticity in the central nervous system
(CNS), including the anterior cingulate cortex (ACC).6–8

Furthermore, ionotropic glutamate receptor channels
play an important role in the transmission of pain sig-
nals.9 Peripheral pain stimulation prompts the release of
presynaptic glutamate in the CNS; as a result, postsy-
naptic ionotropic glutamate receptor channels open
and promote calcium influx. High calcium concentra-
tions in the postsynaptic intracellular compartment acti-
vates nine membrane-bound adenylate cyclase (AC)
isoforms, which catalyze the production of the second
messenger cyclic adenosine monophosphate (cAMP).10

The latter activates protein kinase A (PKA),11 which
then triggers ionotropic glutamate receptor channels
and increases their expression in the postsynaptic mem-
brane through synaptic plasticity.12 With these cascade
effects caused by positive feedback, signals from chronic
pain, including bone cancer pain, are delivered and
amplified.

The inhibition of the AC activity, especially AC1, pro-
vides well-documented benefits that alleviate chronic
pain and neuronal excitotoxicity.13–16 These roles have
been considered to develop isoform-selective AC inhibi-
tors. Insufficient amounts of these inhibitors currently
limit the exploration of functions and treatment of dys-
functions involving the AC/cAMP signaling in the CNS,
especially in the ACC. Among these inhibitors, the AC1
inhibitor NB001 blocks chronic muscle, neuropathic,

and inflammatory pain in rodents without inducing evi-
dent side effects.16,17 However, the analgesic effect of
NB001 on cancer pain remains unknown.

We examined the potential analgesic effects of the
AC1 inhibitor NB001 on bone cancer pain by using a
mouse model.18 We found that the continuous systemic
application of an increased dose of NB001 (30mg/kg,
intraperitoneal (ip), twice per day for three days) can
effectively decrease the concentrations of cAMP,
GluN2A, GluN2B, p-GluA1 (831), and p-GluA1 (845)
and the frequency of presynaptic neurotransmitter
release (mEPSC) in the ACC of the mouse models. As
a consequence, NB001 alleviates bone cancer pain, as
shown by various behavioral tests.

Materials and methods

Animals

We used male adult C3H/HeJ mice weighted 25–30 g
which were purchased from Nanjing Biomedical
Research Institute of Nanjing University. Mice were
housed, in accordance with the National Institutes
of Health guidelines, in boxes of temperature- and
humidity-controlled environment, and maintained on a
12 h light/dark cycle with free access to chow and water.
All procedures were approved by the Animal Care
and Use Committee of the Fourth Military Medical
University.

Cell culture

Osteolytic murine sarcoma cells (NCTC 2472, American
Type Culture Collection (ATCC), Rockville, MD, USA)
were cultured in NCTC 135 medium (Invitrogen) con-
taining 10% horse serum (Gibco) and passaged two
times weekly according to ATCC guidelines. For their
administration, cells were detached by scraping and then
centrifuged at 1000� g. The pellet was suspended in
fresh NCTC 135 medium (105 cells/10 mL) and then
used for intramedullary femur inoculation.

Group and surgery

Mice were randomly divided into five groups, with eight
mice per group: the ‘‘sham’’ group (group A), the
‘‘model with saline’’ group (group B), the ‘‘model with
10mg/kg NB001�once’’ group (group C), the ‘‘model
with 30mg/kg NB001� once’’ group (group D), and the
‘‘model with 30mg/kg NB001� 6 times’’ group (group
E). For tumor cell inoculation, mice were anesthetized
with pentobarbital sodium (Bioszune, USA, 40mg/kg)
i.p. An arthrotomy was performed as previous
described.5,19 A minimal skin incision was made and
the patellar ligaments were cut, exposing the condyles
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of the distal femur. A 23-gauge needle was inserted at the
level of the intercondylar notch and the intramedullary
canal of the femur to create a cavity for injection of the
cells. Approximately 1� 105 cells in 10 mL of medium
were injected unilaterally into the intramedulary cavity
of the femur using a syringe. To prevent leakage of cells
outside the bone, the injection site was sealed with dental
acrylic (Paladur, Heraeus Kulzer, GmbH, Wehrheim,
Germany).

Drug treatment

On the day 29 after the surgery (the day after the oper-
ated femurs of the model groups appear to obvious
destruction shown by X-ray), mice were injected intra-
peritoneally with the AC1 inhibitor, NB001 dissolved in
saline. For the C, D, and E groups, NB001 were used as
10mg/kg (once), 30mg/kg (once), and 30mg/kg (twice
daily for three days). Groups A and B were administered
with saline only.

Determination of bone destruction

Radiographs were taken on day 7, 14, 21, 28, 35,
and 42 after the surgery using an X-ray machine
with images captured by a digital camera. All the mice
were anesthetized with pentobarbital before the
determination.

Pain behavior assessments

Animals were tested for spontaneous pain (spontan-
eous lifting), movement-evoked pain (limb-use on
rotarod), and mechanical hypersensitivity (calibrated
von Frey filaments) before surgery (baseline) and at
day 29 following surgery in a blinded fashion (tester
was blind to treatment groups). Because the best anal-
gesic effect time of NB001 is between 45min to 2 h after
used systemically,16 all testing was performed 1 h after
drug treatment.

Spontaneous lifting

Spontaneous lifting of the hind paws was measured as
described by Mouedden et al.20 Spontaneous lifting was
performed at room temperature and before each test ani-
mals were habituated to the laboratory room for at least
30min. For testing itself, animals were placed and habi-
tuated in a transparent acrylic cylinder of 20 cm diameter
put on the surface of a glass plate. The animals were
observed for 4min for spontaneous lifting behavior of
the left hind paw. Data were expressed as percentage
withdrawal time over total session time. Zero percent
was the normal value observed in most nonoperated
and sham-operated animals.

Limb-use on rotarod

Limb-use on rotarod was measured as previously
described.20 After spontaneous lifting assessment, ani-
mals were immediately placed on a mouse rotarod
(ENV-575M�, Med Associates Inc., GA, USA) at a
speed of 16 r/min for 2min and limb-use during the
forced ambulation was scored according to the following
criterion: 4¼ normal; 3¼ limping; 2¼partial non-use of
left hind paw; 1¼ substantial non-use of left hind paw;
and 0¼ non-use of left hind paw. The sedative effects
of drugs were also examined by determining animals’
ability to support their own body weights when forced
to run on rotarod at a speed of 16 r/min. Animals that
fell from the rotarod within 1min were considered as
positive for sedation/motor impairment.

Mechanical hypersensitivity

Paw withdrawal thresholds in response to probing with
calibrated von Frey filaments were determined in the
manner described by Chaplan et al.21 Mice were kept
in suspended cages with wire mesh floors and the von
Frey filament applied perpendicularly to the plantar sur-
face of the ipsilateral paw until it buckled slightly and
was held for 3–6 s. A positive response was indicated by a
sharp withdrawal of the paw. An initial probe equivalent
to 0.6 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. This up–down method was repeated
until three changes in behavior were determined, and the
pattern of positive and negative responses was tabulated.
The 50% paw withdrawal threshold was determined by
the non-parametric method of Dixon.22

Whole-cell patch-clamp recordings

On the day 29 after the surgery, the brains were removed
and coronal brain slices (300 mm) containing the ACC
were prepared as described previously.23 Experiments
were performed in a recording chamber on the stage of
an Axioskop 2FS microscope (Zeiss, Oberkochen,
Germany) with infrared differential interference contrast
optics for visualization of whole-cell patch-clamp record-
ing. EPSCs were recorded from layer II–III neurons
with an Axopatch 200B amplifier (Molecular Devices,
Palo Alto, CA), and the stimulations were delivered by
a bipolar tungsten stimulating electrode placed in layer V
of the ACC. The recording pipettes (3–5M�) were
filled with solution containing the following (in mM):
145K-gluconate, 5 NaCl, 1 MgCl2, 0.2 EGTA, 10
HEPES, 2Mg-ATP, and 0.1 Na3-GTP, adjusted to pH
7.2 with KOH. For miniature EPSC (mEPSC) recording,
0.5 mM TTX was added in the perfusion solution.
Picrotoxin (100mM) was always present to block
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GABAA receptor-mediated inhibitory synaptic currents.
Access resistance was 15–30M� and monitored
throughout the experiment. Data were discarded if
access resistance changed> 15% during an experiment.

cAMP detection by ELISA

Cyclic AMP assay was carried out as reported.24,25

Briefly, ACC were homogenated in 0.1M HCl. The
levels were detected by using enzyme-linked immuno-
sorbent assay (ELISA) kits (Westang, Shanghai,
China). Absorbance values were read at 450 nm using
the ELISA plate reader (Denley Dragon Wellscan MK
3, Finland).

Western blot analysis

ACC tissues were homogenized in ice-cold RIPA lysis buf-
fer containing protease inhibitor cocktail. Equivalent
amounts of protein were performed on SDS-PAGE gels
and transferred to a nitrocellulose membrane. The
following primary antibodies were used: anti-GluN2A
(1:300; Millipore, MAB MAB5216), anti-GluN2B
(1:400; Millipore, MAB5780), anti-GluA1 (1:300;
Abcam, ab31232), anti-Ser845-phospho-GluA1 (1:400;
Abcam, ab76321), anti-Ser831-phospho-GluA1 (1:1000;
Abcam, ab109464), and anti-b-actin (1:10000; Sigma,
A5316). After incubation with the appropriate HRP-
coupled secondary antibody, the proteins were observed
using enhanced chemiluminescence (GE Healthcare)
according to the manufacturer’s instructions. The density
of immunoblots was conducted using ChemiDoc XRS
(Bio-Rad, Hercules) and quantified using Quantity One
version 4.1.0 (Bio-Rad).

Hematoxylin–eosin staining

The femurs were rinsed in water and infused by 40%
formaldehyde solution to fix for seven days, placed in
Decal solution (RDO-Apex, Aurora, IL) for 1 h for
decalcification and embedded in paraffin for sectioning.
Femora were cut in the frontal plane 3 mm thick and
stained with hematoxylin and eosin (H&E) to visualize
normal marrow elements and cancer cells under bright
field microscopy on a Nikon E800 at 4�magnification.

Statistical analysis

Results were expressed as the mean� SE. Data were
evaluated using one-way analysis of variance
(ANOVA) for post hoc comparisons (SPSS 19.0). The
data that passed the homogeneity test were analyzed by
the one-way ANOVA least significant difference (LSD)
test. In all cases, p< 0.05 was considered statistically
significant.

Results

Transplantation of sarcoma cells in the femur causes
bone loss and fracture

After osteolytic murine sarcoma was injected into the
distal femur, the model mice were evaluated through
X-ray every seven days. As shown in Figure 1(a), the
distal femur of the model mouse was destroyed, and
the damage gradually aggravated from the 28th day
after surgery. Cancellous bone increasingly hollowed,
and cortical bone thinned with time. On day 42, a
broken distal femur was observed. The tumor invaded
the surrounding knee, and elevated the patella.
Hematoxylin and eosin (H&E) staining demonstrated
that the sarcoma cells invaded the femoral cavity and
thus induced bone destruction and fracture (Figure 1(b)).

NB001, an AC1 inhibitor, attenuates
bone-cancer–induced pain

Spontaneous lifting was evaluated to determine the
effects of NB001 on spontaneous bone cancer pain.
Bone cancer induced a significant increase in the time
of lifting. Single systemic dose of NB001 (10 or 30mg/
kg) did not attenuate spontaneous lifting. However,
repeated injections of 30mg/kg NB001 (twice per day
for three days) significantly decreased spontaneous lift-
ing (Figure 2(a)). To determine whether NB001 relieves
incident-breakthrough pain and allodynia, we evaluated
limb usage on a rotarod and mechanical hypersensitivity.
The systemic administration of NB001 (30mg/kg, twice
per day for three days) improved the limb use on the
forced ambulatory rotarod and reversed mechanical
hypersensitivity of the treated mice compared with the
saline-treated tumor-bearing mice (Figure 2(b) and (c)).
The single dose of NB001 (10 or 30mg/kg) did not elicit
analgesic effects on cancer pain.

Considering that NB001 is an inhibitor of AC1, we
determined whether NB001 inhibits cAMP production.
The cAMP concentration in the ACC of the mice was
determined, and the results revealed that the cAMP
levels decreased after a continuous systemic treatment
of a higher dose of NB001 (30mg/kg, ip, twice per day
for three days) was administered than that of the saline-
treated models (Figure 3). This result suggested that
cAMP involved in bone-cancer–induced pain can be con-
sidered as a possible analgesic target.

NB001 treatment reduces the activity of the
ionotropic glutamate receptor

In the AC1/cAMP/PKA signaling pathway, an increase
in cAMP concentrations activates PKA. The latter then
activates ionotropic glutamate receptor channels and
increases their expression in the postsynaptic membrane.
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To determine whether NB001 affects the activation
of NMDAR by inhibiting cAMP production, we
detected GluN2A and GluN2B subunits in ACC.
GluN2A and GluN2B immunoreactivities were signifi-
cantly increased in the mice suffering from cancer pain.
The continuous systemic administration of a higher dose
of NB001 (30mg/kg, ip, twice per day for three days)
decreased GluN2A and GluN2B concentrations
compared with that of the saline-treated models
(Figure 4(a) to (c)). We then measured the amount of
AMPAR in the ACC after bone cancer pain was
induced. Likewise, the phosphorylation levels of GluA1
(at serine 831 and 845) were increased in bone-
cancer–induced pain but were decreased by the continu-
ous systemic administration of the higher dose of NB001
(Figure 4(a), (e), and (f)). However, NB001 could not
change the increased level of GluR1 in the model
group (Figure 4(a) and (d)).

NB001 inhibits the presynaptic glutamate
release in ACC

To determine whether the inhibition of the AC1/cAMP/
PKA signal pathway by NB001 (30mg/kg, ip, twice per
day for three days) weakens presynaptic or postsynaptic
transmitter release, we determined ionotropic glutamate
receptor-mediated mEPSCs (Figure 5(a)). This finding
suggested the release of single quantum of neurotrans-
mitters. The mEPSC frequency in the mouse model sig-
nificantly increased compared with that in the shams/
models. By contrast, the mEPSC frequency in the
mouse model was decreased by NB001 (sham, 1.55�
0.35Hz; model, 2.27� 0.20Hz; NB001, 1.25� 0.41Hz;
p< 0.05) (Figure 5(b) and (c)). However, the amplitude
of mEPSCs did not differ between groups
(sham, 12.41� 0.31 pA; model, 13.72� 0.58 pA; NB001,
12.48� 0.45 pA; p> 0.05; Figure 5(b) and (c)).

Figure 1. Establishment of bone cancer model. (a) X-ray images of the model femur showed the progressive loss of mineralized bone

after the injection of sarcoma cells. Numbers represent days after surgery. Red circles indicate the operative side. (b) H&E staining showed

the pathological structure of femora. In the sham bone (left), there is a clear separation of mineralized bone (normal, pink) and marrow

cells (with large number of inflammatory cells infiltration, purple). In the model bone (right), the smaller and more densely packed cancer

cells (purple) have largely replaced the marrow cells and destructed the mineralized bone to fracture (pink) in the intramedullary space.
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Discussion

In this study, bone cancer induced by osteolytic murine
sarcoma cells was considered to evaluate the analgesic
effects of NB001. The systemic use of NB001 (30mg/
kg, ip, twice per day for three days) significantly
increased the mechanical paw withdrawal threshold
and decreased the cAMP, GluN2A, GluN2B, and
p-GluA1 concentrations (831/845) in the ACC.
Electrophysiological recordings revealed the inhibitory
effects of NB001 on the presynaptic glutamate release
in the ACC of bone cancer pain models. Thus, it seems
that both presynaptic and postsynaptic mechanisms were

involved in its mechanism. mEPSC recordings in the
ACC showed that the frequency was significantly
enhanced by cancer pain. However, the amplitude of
mEPSC was only slightly increased with no significance.
This is not consistent with the increases of GluN2A,
GluN2B, and p-GluA1 (831 and 845) in the ACC of
mice with cancer pain. More experiments are needed to
differentiate the location (i.e., presynaptic or postsynap-
tic, intrasynaptic, or extrasynaptic) of GluN2A,
GluN2B, and p-GluA1 (831 and 845) in the ACC syn-
apse of cancer pain animals.

In patients suffering from chronic pain, injuries trigger
a series of plastic changes by activating the ACs/cAMP/
PKA signaling pathways in pain-related cortical areas,
especially the ACC.26–29 In neurons, activity-dependent
cAMP synthesis is primarily mediated by ACs stimulated
by membrane-bound Ca2þ/calmodulin.30 Thus far,
ten members of the AC family have been identified.
Among these ACs, AC isoforms 1–9 are present in the
brain.31,32 Two of these isoforms, namely, AC1 and
AC8, are activated by calcium via a calcium-binding pro-
tein calmodulin.32 These enzymes link activity-dependent
increase in intracellular calcium to intracellular cAMP
production. In addition, these neuronal ACs are
viewed as coincidence detectors because of their specific
interaction with ionotropic glutamate receptor channels,
such as NMDARs, AMPARs, and voltage-dependent
calcium channels at the neuronal membrane.

Although AC1 and AC8 are the two major calcium-
stimulated ACs in the CNS, they play important roles in
synaptic plasticity and persistent pain.27 AC1 is more
sensitive to calcium than AC8; AC1, not AC8, contrib-
utes to intracellular cAMP production after NMDAR is
activated by glutamate.14,33 Therefore, AC1 is a good

Figure 3. The cAMP levels in the ACC. Levels of cAMP in the

ACC were decreased by NB001 (30 mg/kg, ip, twice per day for

three days) compared with that in models. Data are presented as

mean� SE, **p< 0.01 vs. Sham; ##p< 0.01 vs. model.

Figure 2. Assessments of bone cancer-induced pain behavior. (a) Systemic administration of NB001 (30 mg/kg, ip, twice per day for three

days) attenuated sarcoma-induced spontaneous lifting compared to saline treated model mice. (b) NB001 treatment improved limb-use on

rotarod compared to saline treated model mice. (c) NB001 treatment reversed the mechanical hypersensitivity compared to saline treated

model mice. Data are presented as mean� SE, *p< 0.05 versus model.
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target to treat chronic pain, and this result is confirmed
in AC1 knockout (AC1-KO) mice. Zhuo et al.14 found
that the behavioral nociceptive responses of late-phase
acute muscle pain and chronic muscle inflammatory pain
are significantly reduced in AC1-KO mice. The analgesic
effects of AC1 genetic reduction are also caused by the
inhibition of synaptic plasticity in the ACC neurons

associated with pain.17 Zhuo et al. further demonstrated
that the genetic deletion of AC1 significantly attenuates
neuronal death induced by glutamate in primary cultures
of cortical neurons; by contrast, AC8 deletion does not
elicit any significant effect. MMDA-induced cortical
lesions are significantly reduced in AC1 but not in AC8
knockout mice.14

As an AC1 inhibitor, NB001 causes good analgesic
effects on mouse models of chronic muscle,17 neuro-
pathic, and inflammatory pain16 when this substance is
administered systemically once at a low dose (1–3mg/kg,
peritoneal cavity, intraperitoneally, or orally). This sub-
stance does not induce any significant side effect on anx-
iety, motor function, or fear memory, although the
inhibitory effects of NB001 on inflammatory pain are
weaker than those on neuropathic pain. Furthermore,
NB001 possible elicits inhibitory effects similar to those
found in the AC1-KO mice. The strong analgesic effect
produced by the systemic administration of NB001 is due
to the inhibition of chronic-pain–related plasticity within
the cortical and subcortical neural networks, including
ACC. AC1 is expressed widely in the CNS including the
spinal cord. In present study, we focus on the alteration
of synaptic transmission in the ACC area. Other brain
regions such as spinal cord and insular cortex may also
involve in the chronic pain process. Thus, we could not
rule out the possibility that the inhibition of AC1 in
other brain regions also contribute to the analgesic
effect of NB001.

Figure 5. Miniature EPSCs in ACC neurons. (a) Representative

mEPSCs recorded in pyramidal neurons at a holding potential of

�70 mV from sham (saline), model (saline), and NB001 (30 mg/kg,

ip, twice per day for three days) mice. (b) Cumulative frequency

(left) and amplitude (right) histogram of the mEPSCs in neurons

from sham, model, and NB001 mice. Values were obtained by

normalizing the mean peak currents at each holding potential to a

holding potential of �70 mV. Inset shows the mEPSCs recording at

þ50 and �70 mV. Data are presented as mean� SE, *p< 0.05

versus sham, #p< 0.05 versus model.

Figure 4. The expression of NMDAR and AMPAR in bone cancer pain. (a) Representative bands of GluN2A, GluN2B, GluA1, p-

GluA1(S831), and p-GluA1(S845) after saline or NB001 treatment in bone cancer mice. (b) to (f) Western blot analysis GluN2A, GluN2B,

GluA1, p-GluA1(S831), and p-GluA1(S845) in total homogenates of ACC in bone cancer mice. Data are presented as mean� SE, *p< 0.05

**p< 0.01 vs. Sham; #p< 0.05, ##p< 0.01 vs. model.
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In general, the two main components of bone cancer
pain are neuropathic and inflammatory pain, and NB001
provides good analgesic effects on these types of pain.
Hence, NB001 could effectively alleviate bone cancer
pain. Among the drugs administered to treat bone
cancer pain, morphine elicits the strongest analgesic
effect. However, Luger et al.5 found that the doses of
morphine required to alleviate bone cancer pain are gen-
erally 10-fold greater than those required to alleviate
pain behaviors of comparable magnitude generated
by the inflammatory pain model. In this regard, the
required dose of morphine reaches up to 10–30mg/kg.5

Considering that the analgesic inhibitory mechanism
of the AC1/cAMP/PKA signaling pathway may be
caused by synaptic plasticity inhibition, we aimed
to establish the continuous application of NB001 in the
experimental design. The results confirmed that the
continuous systemic use of high-dose NB001 caused sat-
isfactory analgesic effects on the mouse models of bone
cancer pain.

Studies on bone cancer pain via animal models have
revealed that evident bone destruction initially appears
from days 12–14 and fracture occurs on days 22–24 after
surgery; the most sensitive behavioral time window is
observed from days 14–22 after surgery.19,20,34,35 In our
study, bone destruction and fracture occurred on days 28
and 35 after surgery, respectively. By contrast, the most
sensitive behavioral time window was detected between
days 29 and 34 after surgery. These differences may be
related to fewer tumor cells used in modeling (105 cells/
10 mL); thus, bone cancer growth in animal models is
delayed.

Studies have yet to determine whether NB001 directly
targets AC1 to reduce cAMP levels.36 Nevertheless,
other studies have demonstrated that this drug inhibits
the AC1 activity and causes a series of downstream
effects. NB001 also alleviates chronic pain in different
animal models, including the mouse model of bone
cancer pain in our study, without causing significant
side effects. Considering that none of the currently
available drugs achieve the desired treatment of bone
cancer pain, we propose NB001 as a promising agent
that can be administered continuously and systemically
at a high dose.
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