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Abstract
Metastatic bone pain and chemotherapy-induced peripheral neuropathic pain are the most common clinical symptoms in 
cancer patients. The current clinical management of these two disorders is ineffective and/or produces severe side effects. The 
present study employed a dual-target compound named as ZL006-05 and examined the effect of systemic administration of 
ZL006-05 on RM-1–induced bone cancer pain and paclitaxel-induced neuropathic pain. Intravenous injection of ZL006-05 
dose-dependently alleviated RM-1–induced mechanical allodynia, heat hyperalgesia, cold hyperalgesia, and spontaneously 
ongoing nociceptive responses during both induction and maintenance periods, without analgesic tolerance, affecting basal/
acute pain and locomotor function. Similar behavioral results were observed in paclitaxel-induced neuropathic pain. This 
injection also decreased neuronal and astrocyte hyperactivities in the lumbar dorsal horn after RM-1 tibial inoculation or 
paclitaxel intraperitoneal injection. Mechanistically, intravenous injection of ZL006-05 potentiated the GABAA receptor 
agonist–evoked currents in the neurons of the dorsal horn and anterior cingulate cortex and also blocked the paclitaxel-
induced increase in postsynaptic density-95–neuronal nitric oxide synthase interaction in dorsal horn. Our findings strongly 
suggest that ZL006-05 may be a new candidate for the management of cancer pain and chemotherapy-induced peripheral 
neuropathic pain.
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cingulate cortex · Metastatic bone cancer pain · Chemotherapy-induced neuropathic pain

Introduction

Intractable and persistent cancer pain is one of the most 
common clinical symptoms especially in the patients with 
bone metastasis [1, 2]. Chemotherapy-induced peripheral 

neuropathic pain (CIPNP) is also refractory and often 
causes a discontinuation of antineoplastic therapy and a 
decrease in survival rates of the patients [3, 4]. Cancer 
pain and CIPNP markedly impact quality of life, leading to 
significant socioeconomic burdens in the patients and their 
families [5]. Currently, several strategies including non-
steroidal anti-inflammatory drugs, anticonvulsants, antide-
pressants, and opioids have been used in the managements 
of these two disorders. However, the majority of patients 
complain of unsatisfactory pain control and/or severe side 
effects such as nausea, dizziness, cognitive changes, car-
diac arrhythmia, constipation, respiratory depression, opi-
oid analgesic tolerance, and hyperalgesia [5]. Therefore, 
the development of novel analgesics is imperative in order 
to achieve ideal therapeutic efficacy in treatment of both 
cancer pain and CIPNP.

It is well documented that central sensitization in the 
central nervous system plays a key role in the genesis 
of chronic pain including cancer pain and CIPNP [6]. 
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NMDA receptors and their downstream signals (e.g., 
postsynaptic density protein-95 (PSD-95) or postsynap-
tic density protein-93 (PSD-93) and neuronal nitric oxide 
synthase (nNOS)) contribute to central sensitization 
under chronic pain conditions. Blocking NMDA recep-
tors led to an antinociceptive effect in various preclini-
cal chronic pain models and in clinical practice [7, 8]. 
Genetic knockdown/knockout of spinal cord PSD-95 or 
PSD-93 attenuated neuropathic pain [9–11]. However, as 
both NMDA receptors and PSD-95/PSD-93 are expressed 
widely in the central nervous system and are involved in 
many physiological processes, directly targeting NMDA 
receptors or PSD-95/PSD-93 may produce unwanted 
effects such as cognitive dysfunction, mental disorders, 
and ataxia [12, 13]. These effects limit the clinical use 
of the NMDA receptor antagonists and PSD-95/PSD-
93 blockers. Hence, targeting downstream signals of 
NMDA receptors-PSD-95/PSD-93 such as the interac-
tion between nNOS and PSD-95/PSD-93 may serve as 
a promising strategy in chronic pain management. This 
strategy may not produce severe side effects, because 
normal expression and function of NMDA receptors and 
PSD-95/PSD-93 is maintained [14]. Indeed, systemic 
administration of ZL006, a small molecular inhibi-
tor of the PSD-95–nNOS interaction, alleviated nocic-
eptive hypersensitivity in various chronic pain models 
[15–17]. However, repeated and prolonged administra-
tion of ZL006 led to significant analgesic tolerance in 
treatment of neuropathic pain due to GABAergic dis-
inhibition [18, 19]. Recently, the dual-target compound 
ZL006-05 that blocks the PSD-95–nNOS interaction and 
selectively potentiates α2-containing GABAA receptor 
was developed [19]. Although this new compound has 
been demonstrated as an antinociception in peripheral 
nerve trauma–induced neuropathic pain without analge-
sic tolerance [19], whether it also has similar effects on 
cancer pain and CIPNP is unknown. Moreover, whether 
the PSD-95–nNOS interaction participates in the devel-
opment and maintenance of cancer pain and CIPNP is 
elusive.

In the present study, we first carried out a mouse model 
of bone cancer pain induced by inoculating prostate tumor 
cells (RM-1) into the tibia and examined the effect of sys-
temic administration of ZL006-05 on the development and 
maintenance of RM-1–induced bone cancer pain. We also 
conducted a mouse model of CIPNP induced by intra-
peritoneal injection of paclitaxel and observed the effect 
of systemic administration of ZL006-05 on the mainte-
nance of paclitaxel-induced neuropathic pain. Finally, we 
observed whether the ZL006-05’s effect was mediated by 
disrupting the PSD-95–nNOS interaction and enhancing 
GABAA receptor function in the pain-related regions.

Materials and Methods

Animal Preparations

Eight-week-old male C57/BL6 mice and CD1 mice (Charles 
River Lab., Wilmington, MA, USA) were used in the experi-
ments. They were housed in a temperature-controlled room 
with a standard 12-h light–dark cycle and had free access to 
food and water. Mice were habituated to the testing environ-
ment daily for 3 days before behavioral testing. The experi-
ments were conducted with the approval of the Animal Care 
and Use Committee at Rutgers New Jersey Medical School 
and in accordance with the ethical guidelines of the US 
National Institutes of Health and the International Associa-
tion for the Study of Pain. All efforts were made to minimize 
the suffering of animals and reduce the number of animals 
used. During all behavioral tests, the experimenters were 
blinded to the treated conditions.

Cell Line and Drugs

Mouse prostate tumor cell line, RM-1, was obtained from 
American Type Culture Collection (ATCC, Manassas, VA, 
USA). GABA, isoguvacine, picrotoxin, baclofen, and CGP 
55,845 were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). ZL005, ZL006, and ZL006-05 were kindly provided 
by Fei Li at Nanjing Medical University School of Pharmacy 
(Nanjing, China) [15, 19]. Their chemical structures have 
been reported in previous studies [14, 19, 20]. All of them 
were dissolved in vehicle 1 (5% NaHCO3 plus 2% Tween 
80). Paclitaxel was purchased from Thermo Fisher Scien-
tific and dissolved in vehicle 2 (a mixture of ethanol and 
Cremophor EL (1:1)). All drugs used in vivo experiments 
were administered through the tail vein.

Prostate Tumor Cell Preparation

The RM-1 was grown in RPMI 1640 medium (Sigma, 
St. Louis, MO, USA) that contained l-glutamine and was 
supplemented with 250 nM dexamethasone and 10% fetal 
bovine serum. The cells were maintained in T-75 plastic 
flasks (Corning glass) and cultured in a humidified incuba-
tor with 5% CO2. To collect the cells, they were detached 
by rinsing gently with calcium- and magnesium-free Hanks’  
balanced salt solution (HBSS) and a trypsin–EDTA solu-
tion. After centrifugation for 3 min at 1200 rpm, the result-
ing pellet was washed twice with calcium- and magnesium-
free HBSS. The final pellet was re-suspended in 1 ml of 
HBSS. A hemocytometer and trypan blue solution were  
used to count the cells.  The final concentration of 
4.5 × 105  cells/15  µl HBSS was used  and kept on ice  
for injection.
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Animal Models

RM-1–induced bone cancer pain model was carried out as 
previously described [21–23]. In brief, the mice were anes-
thetized with 3% isoflurane and maintained with 1–1.5% 
isoflurane. After the unilateral leg was shaved, the skin was 
disinfected with 70% (v/v) ethanol. A 0.5-cm incision was 
made in the skin over the upper medial half of the tibia. 
The tibia was carefully exposed with minimal damage to the 
muscle. The bone was pierced with a 30-gauge needle 5 mm 
below the knee joint and medial to the medullary canal. Five 
microliters of RM-1 or HBSS was inoculated into the cavity 
using a 20-µl Hamilton syringe (with a 27-gauge needle). 
The syringe was removed 2 min after inoculation. The bone 
hole was sealed with bone wax (Ethicon, Somerville, NJ, 
USA), and the skin was sutured with 4–0 silk threads.

Paclitaxel-induced neuropathic pain model was carried 
out according to the protocol previously described [24, 25]. 
Briefly, paclitaxel (4 mg/kg; dissolved in the vehicle) or 
vehicle (a mixture of ethanol and Cremophor EL (1:1)) was 
injected intraperitoneally every other day for 4 consecutive 
days (days 1, 3, 5, and 7; 16 mg/kg in total dose).

Behavioral Testing

Mechanical tests were performed as described previously 
[26, 27]. In brief, each mouse was placed in a Plexiglas 
chamber on an elevated mesh screen. Two calibrated von 
Frey filaments (0.07 g and 0.4 g; Stoelting Co., Wood Dale, 
IL, USA) were applied to the hind paw for approximately 
1 s. Each application was repeated 10 times to both hind 
paws. The occurrence of paw withdrawal in each of these 
10 trials was expressed as a percent response frequency 
((number of paw withdrawals/10 trials) × 100 = % response 
frequencies). This percentage was used as an indication of 
the amount of paw withdrawal.

Thermal tests were carried out following the protocol as 
reported previously [26, 27]. Briefly, each mouse was placed 
in a Plexiglas chamber on a glass plate. A radiant heat from 
Model 336 Analgesic Meter (IITC, Inc./Life Science Instru-
ments, Woodland Hills, CA, USA) was applied to the middle 
of the plantar surface of each hind paw through the glass 
plate. When the animal lifted its foot, the light beam was 
automatically turned off. The length of time between the 
start of the light beam and the foot lift was defined as the 
paw withdrawal latency. Each trial was repeated five times 
at 5-min intervals for each side. A cutoff time of 20 s was 
used to avoid tissue damage to the hind paw.

Cold tests were performed to the measurement of paw 
withdrawal latency to noxious cold (0 ℃) as described pre-
viously [26, 27]. Briefly, each mouse was placed in a Plexi-
glas chamber on the cold aluminum plate with continuous 
temperature monitoring by a thermometer. The length of 

time between the placement and the sign of mouse jumping 
was defined as the paw withdrawal latency. Each trial was 
repeated three times at 10-min intervals. A cutoff time of 
20 s was used to avoid tissue damage.

Spontaneous pain behaviors were examined in 
RM-1–induced bone cancer pain model as described previ-
ously [28]. Briefly, mice were placed in the Plexiglas cham-
ber with the wire grid bottom and allowed to acclimate to the 
chamber for 0.5 h. Guarding and flinching behaviors were 
measured during the 2-min observation period. Flinching 
was characterized by rapid flexion and lifting of the ipsilat-
eral hind paw without locomotion. The number of flinches 
was counted. Guarding was characterized by the retraction 
of the ipsilateral hind limb under the torso. The time spent 
guarding the foot (the foot was lifted off of the floor) was 
measured.

Locomotor functional tests including placing, grasping, 
and righting reflexes were carried out as described previ-
ously [26, 27] before the mice were euthanized. For the 
placing reflex, the hind limbs were placed slightly lower 
than the forelimbs and the dorsal surfaces of the hind paws 
were brought into contact with the edge of a table. Then, 
whether the hind paws were placed on the table surface 
reflexively was recorded. For the grasping reflex, the mice 
were placed on a wire grid, and then whether the hind paws 
grasped the wire on was recorded. For the righting reflex, 
the mice were placed on its back on a flat surface. Whether 
mouse could immediately assume the normal upright posi-
tion was recorded. Each trial was repeated five times with 
5-min intervals, and the score for each test was recorded by 
counting times of each normal reflex.

Subcellular Fractionation

Subcellular fractionation was carried out as described in 
previous studies [11, 15]. Briefly, spinal cord tissues were 
homogenized in the buffer containing 250 mM sucrose, 
10 mM Tris–HCl (pH 7.4), 1 mM EDTA, and 1 mM PMSF 
and 1 mM benzamidine. After homogenization, the homoge-
nate was centrifuged for 15 min at 1,000 × g at 4 °C. The 
supernatant (total soluble fraction) was collected. About 
10% of the supernatant was used as input, and the remain-
ing was re-centrifuged at 20,000 × g for 20 min at 4 °C. The 
pellet (crude plasma membrane fraction) was harvested.

Co‑immunoprecipitation Assay

Co-immunoprecipitation (Co-IP) assay was carried out 
based on the previous protocols with minor modifications 
[11, 15]. In brief, crude plasma membrane fraction har-
vested above was dissolved in ice-cold lysis buffer con-
taining 50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM 
EDTA-Na, 1% NP-40, 0.02% sodium azide, 0.1% SDS, 
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0.5% sodium deoxycholate, 1% PMSF, and 1% protease 
inhibitor cocktails. One microgram of mouse anti-PSD-95 
(Santa Cruz Biotechnology) or normal mouse serum was 
incubated to Dynabeads Protein G (Invitrogen) for 3 h at 
4 °C on a rotating shaker. The targeted antigen was immuno-
precipitated by incubating the protein sample (600 µg) with 
Dynabeads–antibody complex in a rotating shaker at 4 °C 
for overnight. On the second day, the mixture of magnetic 
beads and bound immunocomplexes was washed with the 
buffer containing 0.05 M HEPES, 0.15 M NaCl, and 0.15 M 
Triton-100 (pH 7.4). The bound immunocomplexes were 
eluted from magnetic beads by heating at 99 °C in 1 × sam-
ple loading buffer and analyzed through Western blotting 
assay as described below.

Western Blotting Assay

Western blotting assay was carried out as described previ-
ously described [29–31]. In brief, after mice were eutha-
nized with isoflurane, L3/L4 spinal cord was collected 
and rapidly frozen in liquid nitrogen. The tissues were 
homogenized in chilled lysis buffer (10 mM Tris, 5 mM 
MgCl2, 5 mM EGTA, 250 mM sucrose, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM DTT, and 40 µM leupep-
tin). After the homogenates were centrifuged at 4 ℃ for 
15 min at 1,000 g, the supernatant was collected. After 
protein concentration was measured, the samples were 
heated at 99 ℃ for 5 min and loaded onto a 4–20% precast 
polyacrylamide gel (Bio-Rad Laboratories). The proteins 
were then electrophoretically transferred onto 0.2 µm pore-
sized nitrocellulose membranes (Bio-Rad Laboratories). 
The membranes were blocked with 3% non-fat milk in 
Tris-buffered saline containing 0.1% Tween 20 for 1 h 
and then incubated with primary antibodies, including 
rabbit anti-phosphorylated extracellular signal–regulated 
kinase (phosphorylation of extracellular signal–regulated 
kinase 1 and 2 (p-ERK1/2), 1:1,000, Cell Signaling), rab-
bit anti-extracellular signal–regulated kinase (ERK1/2, 
1:1,000, Cell Signaling), mouse anti-glial fibrillary acidic 
protein (glial fibrillary acidic protein (GFAP); 1:1,000, 
Cell Signaling), rabbit anti-PSD95 (1:1,000, Cell Signal-
ing Technology), rabbit anti-nNOS (1:250, Cell Signal-
ing Technology), and rabbit anti-GAPDH (1:1,000; Santa 
Cruz Biotechnology, Dallas, TX, USA) at 4 ℃ overnight 
under gentle agitation. The proteins were detected by goat 
peroxidase–conjugated anti-mouse antibody (1:3,000, 
Jackson ImmunoResearch) or anti-rabbit secondary anti-
body (1:3,000, Jackson ImmunoResearch), developed by 
Western peroxide reagent and luminol/enhancer reagent 
(Clarity Western ECL Substrate, Bio-Rad) and visualized 
using the ChemiDoc XRS System with Image Lab soft-
ware (Bio-Rad). The intensity of blots was quantified with 
densitometry using Image Lab software (Bio-Rad).

Electrophysiological Recording

Spinal cord and brain slices were prepared as previously 
described [11, 30, 31]. CD1 mice (6-week-old) were 
deeply anesthetized with isoflurane as described above and 
then perfused through the left ventricle for 2 min with 
ice-cold sucrose-substituted artificial cerebrospinal fluid 
(ACSF in mM: 75 sucrose, 80 NaCl, 2.5 KCl, 0.5 CaCl2, 
1.2 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 1.3 ascorbate, and 
3.0 pyruvate). The lumbosacral spinal cord or brain was 
quickly removed and placed in ice-cold sucrose ACSF. 
The fourth (L4) or fifth (L5) lumbar spinal cord or brain 
(which contained the anterior cingulate cortex (ACC)) was 
sectioned using a vibrating microtome (400–600 µm thick-
ness for spinal cord and 450 µm for brain). The slices were 
then maintained at room temperature (22–25 °C) in regular 
ACSF (in mM: 117 NaCl, 3.6 KCl, 2.5 CaCl2, 1.2 MgCl2, 
1.2 NaH2PO4, 25 NaHCO3, and 11 glucose) equilibrated 
with 95% O2 and 5% CO2. The drugs used in perfusion 
buffer include 200 µM GABA, 10 µM isoguvacine, 10 µM 
picrotoxin, 10 µM baclofen, 1 µM CGP 55,845, or different 
concentrations of ZL006-05.

The whole-cell patch-clamp recordings were made 
from ACC neurons or lamina II neurons of spinal cord in 
voltage-clamp mode. Under a dissecting microscope, the 
substantia gelatinosa (lamina II) was clearly visible as a 
relatively translucent band across the dorsal horn. Patch 
pipettes were fabricated from thin-walled, borosilicate, 
glass-capillary tubing (1.5 mm outer diameter; World Pre-
cision Instruments, Sarasota, FL, USA). After establishing 
the whole-cell configuration, potentials of neurons were 
held at 0 mV for GABA-induced current. The resistance 
of a typical patch pipette was 5–8 MΩ when filled with 
the internal solution (in mM: 110 Cs2SO4, 0.5 CaCl2, 2 
MgCl2, 5 EGTA, 5 HEPES, 5 tetraethylammonium, and 
5 ATP-Mg). Membrane currents were amplified with an 
Axopatch 700B amplifier (Molecular Devices, Sunnyvale, 
CA, USA) in voltage-clamp mode. Signals were filtered at 
1 kHz and digitized using a Digidata 1550 with pClamp 
10.4 software (Molecular Devices). Series resistance was 
compensated by 60–80%. Cell membrane capacitances 
were acquired by reading the value for whole-cell capaci-
tance compensation directly from the amplifier. An online 
P/4 leak subtraction was performed to eliminate leak cur-
rent contribution. The data were stored on computer by a 
Digidata 1550 interface and were analyzed by the pClamp 
10.4 software package (Molecular Devices).

Statistical Analysis

The mice were assigned into various treatment groups ran-
domly. All results were expressed as mean ± SEM. All of 
the data were statistically analyzed using two-tailed, paired 
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Student’s t test and a one-way or two-way ANOVA. When 
ANOVAs showed significant differences, pairwise com-
parisons between the means were analyzed by the post hoc 
Tukey method (Sigma Plot 12.5, San Jose, CA, USA). Sig-
nificance was set at P < 0.05.

Results

Effects of Systemic ZL006‑05 Administration 
on the Development of RM‑1–Induced Bone Cancer 
Pain

To examine the effect of systemic administration of the 
dual-target compound ZL006-05 on the development of 
RM-1–induced bone cancer pain, we intravenously injected 
vehicle 1 or ZL006-05 at 4 mg/kg once a day for 7 con-
secutive days after inoculation of HBSS or RM-1 into the 
tibia. To evaluate whether it has the better effect, we also 
intravenously injected ZL005 (a small molecular agonist of 
GABAA receptor) or ZL006 (a small molecular inhibitor 

of the PSD-95–nNOS interaction) at the same dosage once 
a day for 7 consecutive days after inoculation of HBSS 
or RM-1 into the tibia. Consistent with previous studies 
[21–23], tibial inoculation of RM-1, but not HBSS, pro-
duced robust and long-lasting mechanical allodynia, as 
demonstrated by significant increases in paw withdrawal fre-
quencies in response to 0.07 g and 0.4 g von Frey filaments, 
and heat and cold hyperalgesia, as evidenced by marked 
decreases in paw withdrawal latencies to heat and cold 
stimuli, respectively, on the ipsilateral side compared with 
pre-inoculation baseline values in the vehicle 1–treated mice 
(Fig. 1A–D). These nociceptive hypersensitivities became 
apparent between days 3 and 5 post-RM-1 inoculation and 
remained pronounced at least on day 7 post-RM-1 inocula-
tion (Fig. 1A–D). As expected, no significant changes in paw 
withdrawal frequency or latency were observed on the con-
tralateral side after RM-1 inoculation and on either side after 
HBSS injection in the vehicle 1–treated mice (Fig. 1A–G). 
Intravenous (i.v.) administration of ZL006-05 abolished 
the RM-1–induced mechanical allodynia and heat and cold 
hyperalgesia on days 3, 5, and 7 post-RM-1 inoculation on 

Fig. 1   Effects of systemic pre-administration of ZL006-05, ZL005, 
and ZL006 on RM-1–induced metastatic bone cancer pain. ZL006-
05, ZL005, ZL006, or vehicle 1 was injected via tail vein 30  min 
before RM-1 or HBSS inoculation and then once daily for 6 consec-
utive days. Behavioral tests were carried out 1  day before RM-1 or 

HBSS inoculation and on days 3, 5, and 7 after RM-1 or HBSS inoc-
ulation on the ipsilateral (A–D, H, I) and contralateral (E–G) sides. 
n = 8 mice per group. Two-way ANOVA with repeated measures fol-
lowed by post hoc Tukey test. *P < 0.05, **P < 0.01, versus the RM-1 
plus vehicle 1 group at the corresponding time point
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the ipsilateral side (Fig. 1A–D). In contrast, i.v. administra-
tion of ZL005 or ZL006 at the same dosage partially attenu-
ated the RM-1–induced mechanical allodynia and heat and 
cold hyperalgesia on days 3, 5, and 7 post-RM-1 inocula-
tion on the ipsilateral side (Fig. 1A–D). None of these drugs 
significantly altered basal paw withdrawal responses on the 
contralateral side in the RM-1–treated mice (Fig. 1E–G). 
In addition, intravenous ZL006-05 administration did not 
affect basal paw withdrawal responses on both sides in the 
HBSS-treated mice (Fig. 1A–G).

The vehicle 1–treated mice with tibial inoculation of 
RM-1 also displayed spontaneous pain as evidenced by 
significant increases in the duration of guarding behavior 
and the number of flinches on days 5 and 7 post-RM-1 
inoculation (Fig. 1H, I). These spontaneous pain behaviors 
were abolished by i.v. administration of ZL006-05 and 
partially blocked by i.v. administration of ZL005 or ZL006 
(Fig. 1H, I). All treated mice displayed normal locomo-
tor activity as demonstrated by no marked differences in 
placing, grasping, and righting reflexes among these mice 
(Table 1).

We also examined whether i.v. administration of ZL006-
05 affected the RM-1–induced dorsal horn neuronal/glial 
hyperactivities as demonstrated by increases in p-ERK1/2 
(a marker for neuronal hyperactivation) and GFAP (a marker 
for astrocyte hyperactivation) in dorsal horn during the 
development period. Levels of p-ERK1/2 and GFAP sig-
nificantly increased in the ipsilateral L3/L4 dorsal horn on 
day 7 after RM-1 inoculation in the vehicle 1–treated mice 
compared with the HSBB-inoculated mice treated with vehi-
cle 1 (Fig. 2). These increases were absent in the ZL006-
05–treated RM-1 mice (Fig. 2). Intravenous administration 
of ZL006-05 did not alter basal expression of p-ERK1/2, 
total ERK1/2, or GFAP in the dorsal horn of the HSBB-
inoculated mice (Fig. 2).

Effects of Systemic ZL006‑05 Administration 
on the Maintenance of RM‑1–Induced Bone Cancer 
Pain

To further examine whether systemic administration of 
ZL006-05 on the maintenance of RM-1–induced bone can-
cer pain, we intravenously injected vehicle 1 or ZL006-05 
at different doses once a day for 8 consecutive days start-
ing at day 7 post-RM-1 inoculation. Intravenous adminis-
tration of ZL006-05 produced a dose-dependent effect on 
RM-1–induced mechanical allodynia, heat and cold hyper-
algesia, and spontaneous pain on days 10, 12, and 14 post-
RM-1 inoculation on the ipsilateral side (Fig. 3A–D, H, I). 
On day 14 after RM-1 inoculation, i.v. ZL006-05 reduced 
paw withdrawal frequencies in response to 0.07 g and 
0.4 g von Frey filaments by 62% and 50%, respectively, 
at the dose of 4 mg/kg and by 38% and 26%, respectively, 
at the dose of 2 mg/kg compared with the corresponding 
RM-1–inoculated group treated with vehicle 1 (Fig. 3A, 
B). The 0.4 mg/kg of i.v. ZL006-05 had no effect on the 
RM-1–induced increases in paw withdrawal frequencies 

Table 1   Locomotor function

Treatment group Placing Grasping Righting

HBSS + vehicle 1 5 (0) 5 (0) 5 (0)
HBSS + ZL006-05 (4 mg/kg) 5 (0) 5 (0) 5 (0)
RM-1 + vehicle 1 5 (0) 5 (0) 5 (0)
RM-1 + ZL006-05 (4 mg/kg) 5 (0) 5 (0) 5 (0)
RM-1 + ZL005 (4 mg/kg) 5 (0) 5 (0) 5 (0)
RM-1 + ZL006 (4 mg/kg) 5 (0) 5 (0) 5 (0)
Vehicle 2 + saline 5 (0) 5 (0) 5 (0)
PTX + saline 5 (0) 5 (0) 5 (0)
PTX + ZL006-05 (10 mg/kg) 5 (0) 5 (0) 5 (0)
Vehicle 2 + ZL006-05 (10 mg/kg) 5 (0) 5 (0) 5 (0)

Fig. 2   Effect of systemic pre-administration of ZL006-05 (4 mg/kg) 
on the RM-1–induced neuronal and glial hyperactivities in dorsal 
horn. The levels of the phosphorylation of ERK1/2 (p-ERK1/2), total 
ERK1/2, and GFAP in the ipsilateral lumbar 3/4 dorsal horn on day 
7 post-RM-1 or vehicle 1 inoculation. Representative Western blots 

(A) and a summary of densitometric analysis (B) are shown. n = 3 
biological repeats (3 mice) per group. One-way ANOVA followed 
by post hoc Tukey test, *P < 0.05, **P < 0.01, versus the correspond-
ing HBSS plus vehicle 1 group. ##P < 0.01, versus the corresponding 
RM-1 plus vehicle 1 group
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(Fig. 3A, B). Similarly, on day 14 post-RM-1 inocula-
tion, i.v. ZL006-05 increased paw withdrawal latencies in 
response to heat and cold stimuli by 1.58-fold and 1.39-
fold, respectively, at the dose of 4 mg/kg and by 1.21-fold 
and 1.16-fold, respectively, at the dose of 2 mg/kg, but had 
no effect at the dose of 0.4 mg/kg compared with the cor-
responding RM-1–inoculated group treated with vehicle 
1 (Fig. 3C, D). The duration of guarding and the number 
of flinches were reduced through i.v. ZL006-05 by 78% 
and 86%, respectively, at the dose of 4 mg/kg, by 39% 
and 57%, respectively, at the dose of 2 mg/kg and by − 4% 
and 12%, respectively, at the dose of 0.4 mg/kg in the 
RMM-1–inoculated mice compared with the correspond-
ing RM-1–inoculated mice treated with vehicle 1 on day 
14 post-RM-1 inoculation (Fig. 3H, I). As expected, none 
of three doses of ZL006-05 alters basal paw withdrawal 
responses to mechanical, heat and cold stimuli applied to 
the contralateral hind paw during the maintenance period 
(Fig. 3E–G).

Effects of Systemic ZL006‑05 Administration 
on the Maintenance of Paclitaxel‑Induced 
Neuropathic Pain

Consistent with the previous reports [24, 25], intraperito-
neal (i.p.) injection of paclitaxel, but not vehicle 2, pro-
duced dramatic and long-lasting mechanical allodynia, 
heat hyperalgesia, and cold hyperalgesia on both sides 
in the vehicle 1–treated mice (Fig. 4A–G). These nocic-
eptive hypersensitivities occurred on day 7 after the first 
i.p. paclitaxel injection and persisted for at least 15 days 
(Fig. 4A–G). To investigate the effect of systemic admin-
istration of ZL006-05 on the maintenance of paclitaxel-
induced nociceptive hypersensitivity, we intravenously 
administered ZL006-05 or vehicle 1 once a day for 7 con-
secutive days starting on day 9 after the first i.p. injection 
of paclitaxel or vehicle 2. Intravenous administration of  
ZL006-05 at 10 mg/kg significantly reduced the paclitaxel- 
induced increases in paw withdrawal frequencies 

Fig. 3   Effects of systemic post-administration of ZL006-05 at differ-
ent dosages (0.4  mg/kg, 2  mg/kg, and 4  mg/kg) on RM-1–induced 
metastatic bone pain. ZL006-05 or vehicle 1 was injected via tail vein 
once daily for 8 consecutive days starting on day 7 after RM-1 inocu-
lation. Behavioral tests were carried out 1 day before RM-1 or HBSS 

inoculation and on days 3, 5, 7, 10, 12, and 14 after RM-1 or HBSS 
inoculation on the ipsilateral (A, D, H, I) and contralateral (E–G) 
sides. n = 8 mice per group. Two-way ANOVA with repeated meas-
ures followed by post hoc Tukey test. *P < 0.05, **P < 0.01, versus 
the RM-1 plus vehicle 1 group at the corresponding time point
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in responses to 0.07 g and 0.4 g von Frey filaments and 
blocked the paclitaxel-induced decreases in paw withdrawal 
latencies in responses to heat and cold stimuli on days 11, 
13, and 15 after the first i.p. injection of paclitaxel on 

both ipsilateral and contralateral sides (Fig. 4A–G). These 
effects of ZL006-05 were dose-dependent (Fig. 5A–G). As 
expected, i.v. ZL006-05 at 10 mg/kg did not alter basal paw 
withdrawal responses to mechanical, heat, and cold stimuli 

Fig. 4   Effects of systemic post-administration of ZL006-05 on paclitaxel-
induced neuropathic pain. ZL006-05 (10 mg/kg) or vehicle 1 was injected 
via tail vein once daily for 7 consecutive days starting on day 9 after intra-
peritoneal paclitaxel or vehicle 2 injection. Behavioral tests were carried 
out 1 day before paclitaxel or vehicle 2 injection and on days 7, 9, 11, 13, 

and 15 after paclitaxel or vehicle 2 injection on the ipsilateral (A–D) and 
contralateral (E–G) sides. n = 10 mice per group. Two-way ANOVA with 
repeated measures followed by post hoc Tukey test. *P < 0.05, **P < 0.01, 
versus the paclitaxel plus vehicle 1 group at the corresponding time point

Fig. 5   Effects of systemic post-administration of ZL006-05 at dif-
ferent dosages (0.1  mg/kg, 1  mg/kg, and 10  mg/kg) on paclitaxel-
induced neuropathic pain. ZL006-05 or vehicle 1 was injected via tail 
vein once daily for 7 consecutive days starting on day 9 after intra-
peritoneal paclitaxel injection. Behavioral tests were carried out 1 day 

before paclitaxel injection and on days 7, 9, 11, 13, and 15 after pacli-
taxel injection on the ipsilateral (A–D) and contralateral (E–G) sides. 
n = 10 mice per group. Two-way ANOVA with repeated measures fol-
lowed by post hoc Tukey test. *P < 0.05, **P < 0.01 versus the pacli-
taxel plus vehicle 1 group at the corresponding time point
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on both sides in the vehicle 2–treated mice (Fig. 4A–G). 
All treated mice displayed normal locomotor activity 
(Table 1).

We further investigated whether i.v. administration of 
ZL006-05 affected the paclitaxel-induced dorsal horn neu-
ronal/glial hyperactivities. Like in the RM-1–induced bone 
cancer pain model described above, levels of p-ERK1/2 and 
GFAP markedly increased in the bilateral L3/L4 dorsal horn 
on day 15 after the first i.p. injection of paclitaxel in the 
vehicle 1–treated mice compared with the vehicle 2–injected 
mice treated with vehicle 1 (Fig. 6). These increases were 
not seen in the ZL006-05–treated paclitaxel mice (Fig. 6). 
Intravenous administration of ZL006-05 did not affect the 
basal expression of p-ERK1/2, total ERK1/2, or GFAP in the 
dorsal horn of the vehicle 2–injected mice (Fig. 6).

ZL006‑05 Potentiates the GABA‑Evoked Currents 
Through GABAA Receptor in the Neurons of Dorsal 
Horn and Anterior Cingulate Cortex

The previous study has demonstrated the potentiation of 
GABA-evoked currents by ZL006-05 through α2-containing 
GABAA receptor in the HEK-293 cells [19]. To further verify 
ZL006-05 function in the neurons from the pain-associated 
regions in the central nervous system, we recorded the GABA-
evoked currents in lamina II neurons of dorsal horn by holding 
the voltage at 0 mV under the perfusion with ZL006-05 at 
the different concentrations (0 µM (control), 0.1 µM, 1 µM, 
10 µM, and 100 µM). Approximately 61% of the neurons (11 
of 18) recorded with GABA-evoked currents responded to 
ZL006-05. Compared to the control group, the amplitudes of 
GABA-evoked currents were increased by 1.42-fold at 1 µM 
ZL006-05, by 1.71-fold at 10 µM ZL006-05, and by 1.68-fold 
at 100 µM ZL006-05 (Fig. 7A, B). Furthermore, the amplitude 
of the current evoked by the GABAA selective agonist isogu-
vacine (10 µM) was also significantly increased by 1.57-fold 
at 10 µM ZL006-05 compared to the control group (Fig. 7C, 

D). This increased current could be completely blocked 
through co-perfusion with the GABAA-selective antagonist 
picrotoxin (10 µM; Fig. 7C), suggesting that GABAA receptor 
mediates the ZL006-05’s potentiated action on GABA-evoked 
current. To substantiate this action, we assessed the effect 
of ZL006-05 on GABAA agonist’s concentration-dependent 
response curve in lamina II neurons by examining the effect 
of 10 µM ZL006-05 on the currents induced by different con-
centrations of isoguvacine. ZL006-05 produced a significant 
left shift in the concentration–response curves to isoguvacine 
(Fig. 7E). The EC50 values in the absence and presence of 
ZL006-05 were 38.22 ± 3.3 µM and 5.12 ± 3.1 µM, respec-
tively (Fig. 7E). In addition, we observed that the amplitude 
of isoguvacine-evoked current was markedly increased by 
1.53-fold at 10 µM ZL006-05 in the neurons of anterior cin-
gulate cortex (Fig. 7F, G). In contrast, ZL006-05 at 10 µM had 
no effect on baclofen (a GABAB-selective agonist, 10 µM)-
induced current, although this evoked current could be com-
pletely blocked by CGP 55,845, a GABAB-selective antago-
nist (Fig. 7H, I).

Systemic ZL006‑05 Administration Disrupts 
the PSD‑95–nNOS Interaction in Dorsal Horn

Besides the GABAA receptor potentiation, we finally 
examined whether systemic ZL006-05 administration also 
affected the PSD-95–nNOS interaction in the dorsal horn. 
In the crude plasma membrane fraction from spinal dorsal 
horn, the level of nNOS and the binding density of PSD-
95–nNOS in the paclitaxel plus vehicle 1–treated group were 
markedly increased by 1.51-fold and 1.88-fold, respectively, 
compared to those in the vehicle 2 plus vehicle 1–treated 
group (Fig. 8A–C). These increases were attenuated in 
the ZL006-05 plus paclitaxel–treated group (Fig. 8A–C). 
The basal level of PSD-95 in the crude plasma mem-
brane (Fig. 8A, B) and total amounts of nNOS and PSD-
95 in whole membrane and cytoplasmic lysis (Fig. 8D, E) 

Fig. 6   Effect of systemic post-administration of ZL006-05 (10  mg/
kg) on the paclitaxel-induced neuronal and glial hyperactivi-
ties in dorsal horn. The levels of the phosphorylation of ERK1/2 
(p-ERK1/2), total ERK1/2, and GFAP in the lumbar enlargement 
dorsal horn on day 15 post-paclitaxel or vehicle 2 injection. Repre-

sentative Western blots (A) and a summary of densitometric analysis 
(B) are shown. n = 3 biological repeats (3 mice) per group. One-way 
ANOVA followed by post hoc Tukey test, **P < 0.01, versus the cor-
responding vehicle 1 plus vehicle 2 group. #P < 0.05, ##P < 0.01, ver-
sus the corresponding paclitaxel plus vehicle 1 group
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from the spinal dorsal horn of the paclitaxel plus vehicle 
1– or ZL006-06–treated group were not significantly altered 
compared with the vehicle 2 plus vehicle 1–treated group 
(Fig. 7A, B, D, E).

Discussion

The inoculation of RM-1 into tibia and i.p. injection of 
paclitaxel leads to robust and long-lasting evoked nocic-
eptive hypersensitivity and ongoing spontaneous pain in 

mice, which mimics clinical symptoms of many patients 
with bone metastases and chemotherapy, respectively. 
Understanding the mechanisms underlying RM-1–induced 
cancer bone pain and paclitaxel-induced neuropathic pain 
may provide novel strategies for the management of these 
two disorders. Although intensive research into metastatic 
bone pain and CIPNP has been carried out in the past dec-
ades, effective treatment without unwanted side effects 
for these two disorders is still lacking. The present study 
showed that systemic administration of ZL006-05 dose-
dependently attenuated RM-1–induced bone cancer pain 

Fig. 7   ZL006-05 potentiates the GABA-evoked currents through the 
GABAA receptor in the neurons of spinal dorsal horn and anterior 
cingulate cortex. A, B Effects of different concentrations of ZL005-06 
(0  µM (control), 1  µM, 10  µM, and 100  µM) on GABA (200  µM)-
induced currents recorded at a holding potential of 0 mV in lamina 
II neurons of dorsal horn. Representative current traces from one 
neuron (A) and quantification of GABA-induced currents in typical 
consecutive recording neurons from 18 mice (B). The response values 
were normalized to the control group. n = 5 neurons per concentra-
tion. One-way ANOVA followed by post hoc Tukey test. *P < 0.05, 
**P < 0.01, versus the control group. C, D Effects of ZL005-06 or 
picrotoxin on isoguvacine (10  µM)-evoked currents recorded at a 
holding potential of 0 mV in lamina II neurons of dorsal horn. Rep-
resentative current traces from one neuron (C) and quantification of  
isoguvacine-evoked currents in the absence or presence of ZL005-06  
(D). n = 5 neurons (from 5 mice) per group. *P < 0.05, versus the con-

trol group by two-tailed paired Student’s t test. E The graph showed  
the concentration (x-axis)–response (y-axis) relationship of isoguva-
cine in the absence or presence of ZL005-06. The response values 
were normalized to one at 1,000 µM isoguvacine in each neuron. n = 5  
neurons (from 5 mice) per concentration. F, G Effects of ZL005-
06 (10 µM) on isoguvacine (10 µM)-evoked currents in the neurons 
of anterior cingulate cortex. Representative current traces from one 
neuron (F) and quantification of isoguvacine-evoked currents in the 
absence or presence of ZL005-06 (G). n = 5 neurons (from 5 mice) 
per group. *P < 0.05, versus the control group by two-tailed paired 
Student’s t test. H, I Effects of ZL005-06 or CGP 55845 on baclofen 
(10 µM)-evoked currents in lamina II neurons of spinal dorsal horn. 
Representative current traces from one neuron (H) and quantification 
of baclofen-evoked currents in the absence or presence of ZL005-06 
(I). n = 5 neurons (from 5 mice) per group
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and paclitaxel-induced neuropathic pain. Mechanistically, 
ZL006-05 not only disrupted the PSD-95–nNOS interaction 
but also potentiated the GABAA receptor function in dor-
sal horn neurons. These findings suggest that the GABAA 
receptor as well as the protein–protein interaction between 
PSD-95 and nNOS in the dorsal horn are required for the 
genesis of metastatic bone cancer pain and CIPNP. ZL006-
05 may be a potential drug for the management of these 
two disorders.

The PSD-95–nNOS interaction contributes to the devel-
opment and maintenance of chronic pain. PSD-95 binds 
to nNOS in the neurons of dorsal horn and thalamus [10, 
15]. Systemic administration of small compounds such as 
ZL006 that disrupted this binding suppressed the formalin-
induced second nociceptive behaviors, complete Freund’s 
adjuvant–induced inflammatory pain, chronic constriction 
injury/spinal nerve injury–induced neuropathic pain, and 
hemorrhage-induced thalamic pain [15–17, 19, 32]. The 
present study further demonstrated that systemic injection 
of ZL006-05 attenuated the RM-1–induced metastatic bone 
cancer pain and paclitaxel-induced neuropathic pain. Sys-
temic injection of ZL006-05 also suppressed RM-1–induced 
or paclitaxel-induced hyperactivities of dorsal horn neurons 
and astrocytes, evidenced by blockage of the RM-1–induced 
or paclitaxel-induced increases in dorsal horn p-ERK1/2 
and GFAP, respectively. Thus, the anti-nociceptive effects 

caused by systemic ZL006-05 likely result from the attenu-
ation of central sensitization due to suppression in neuronal 
and glia hyperactivities in dorsal horn under the conditions 
of cancer pain and chemotherapy-induced neuropathic pain. 
Taken together, the data from previous studies and the pre-
sent work indicate that the PSD-95–nNOS interaction par-
ticipates in nociceptive hypersensitivity in various chronic 
pain models.

Compared to other small single-target compounds (e.g., 
ZL006), ZL006-05 is a dual-target compound that was 
made by linking ZL006 and ( +)-borneol through an ester 
bond [19]. Indeed, the previous study showed that ZL006-
05 disturbed the PSD-95–nNOS binding in dorsal horn, 
potentiated GABA-evoked currents in the HEK293 cells 
expressing α2-containing GABAA receptor, and increased 
the amplitude in miniature inhibitory postsynaptic cur-
rents (but not miniature excitatory postsynaptic currents) 
in lamina I neurons of dorsal horn [19]. The present study 
further demonstrated that this compound not only disrupted 
the PSD-95–nNOS interaction in spinal dorsal horn, but 
also potentiated the amplitude of GABAA receptor in the 
neurons of dorsal horn lamina II and anterior cingulate cor-
tex. Moreover, we found that ZL006-05 had the stronger 
antinociceptive effect on RM-1–induced bone cancer pain 
compared with ZL006 and ZL005 at the same dosage. It 
appears that this stronger effect is likely attributed to the 

Fig. 8   Effect of systemic post-administration of ZL006 on the pacli-
taxel-induced increase in the PSD-95–nNOS interaction in the lum-
bar dorsal horn 15  days after intraperitoneal paclitaxel or vehicle 2 
injection. V1: vehicle 1. V2: vehicle 2. P: paclitaxel. Z: ZL006-005. 
A–C Levels of PSD-95 and nNOS in the crude membrane fraction 
before (Input) and after co-immunoprecipitation (IP) with anti-
PSD-95 serum or normal serum (IgG) from the lumbar dorsal horn 
of the mice treated as indicated. The band densities for the vehicle 1 
plus vehicle 2–treated groups were set as 100%. The relative densi-
ties from the remaining groups were determined by dividing the opti-
cal densities from these groups by the values of the corresponding 

vehicle 1 plus vehicle 2–treated groups. A Representative Western 
blots. B A summary of densitometric analysis from Input. C A sum-
mary of densitometric analysis after Co-IP. n = 3 biological repeats (6 
mice) per group. One-way ANOVA followed by post hoc Tukey test. 
*P < 0.05, versus the corresponding vehicle 1 plus vehicle 2–treated 
group. #P < 0.05, ##P < 0.01, versus the corresponding paclitaxel plus 
vehicle 1–treated group. D Total levels of nNOS and PSD-95 in the 
cytosolic and membrane fractions from the lumbar spinal dorsal horn 
of the different treated groups indicated. n = 3 biological repeats (3 
mice) per group. GAPDH was used as a loading control
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blockade of NMDA receptor/PSD-95/nNOS signaling path-
way and potentiation of GABAA receptor–mediated inhibi-
tory pathway in dorsal horn and anterior cingulate cortex. 
However, given that PSD-95/nNOS and GABAA receptor 
are widely expressed in the neurons of the central nervous  
system, the effect of systemic administration of ZL006-05 on  
bone cancer pain and CIPNP by dually targeting these two  
pathways in the neurons from other pain-associated brain regions  
could be ruled out.

Besides being highly effective against chronic pain, sys-
temic administration of ZL006-05 did not show unwanted 
side effects. Unlike ZL006, chronic intrathecal application of 
ZL006-05 did not produce analgesic tolerance and maintained 
its antinociceptive effect during a 28-day treatment of spinal 
nerve injury–induced neuropathic pain [19]. Consistently, the 
present study also demonstrated that repeated i.v. administra-
tions of ZL006-05 for 7 to 8 consecutive days led to the time-
dependent antinociceptive effect on both bone cancer pain 
and paclitaxel-induced neuropathic pain without analgesic 
tolerance. In addition, systemic administration of ZL006-05 
did not alter basal (acute) pain and locomotor activity and 
had no effect on spatial memory observed in the present study 
and previous work [19]. Taken together, the evidence strongly 
suggests that ZN006-05 may have the potential application 
in the management of chronic pain including cancer pain and 
CIPNP.
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