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Abstract Our previous study has proposed that increased
presynaptic NMDARs activities play pivotal roles in the de-
velopment of opioid tolerance and hyperalgesia, and blocking
spinal NMDARs attenuates chronic morphine-induced synap-
tic plasticity and behavior. However, the cellular signaling
mechanisms remain to be investigated. The aim of this re-
search was to address the role of β-ARK1 in opioid analgesia.
Opioid tolerance and hyperalgesia was induced by daily sys-
temic morphine injections in rats for eight consecutive days.
Whole-cell voltage-clamp was employed to record spontane-
ous EPSCs and evoked-AMPA-EPSCs in dorsal lamina II
neurons. Strikingly, brief application of 1 μM morphine de-
creased the percentage of inhibition and was followed by a
large LTP in the amplitude of monosynaptic evoked-AMPA-
EPSCs in opioid-tolerant rats. There was no effect on these
responses by postsynaptic dialysis of the G-protein inhibitor.
Incubation with the NMDAR blocker AP5 potentiated
morphine-induced inhibition and attenuated washout potenti-
ation after cessation of morphine in the amplitude of AMPA-
EPSCs. Incubation with β-ARK1 inhibitor had the same ef-
fect on these responses. Incubation with β-ARK1 inhibitor
diminished NMDAR hyperfunction-increased glutamatergic
synaptic transmission and enhanced the analgesic effect of

morphine. Intrathecal injections of β-ARK1 inhibitor signifi-
cantly attenuated opioid-induced hyperalgesia and tolerance.
β-ARK1 plays a pivotal role in the development and mainte-
nance of opioid tolerance and hyperalgesia. Blockade of β-
ARK1 activation ameliorates morphine tolerance and
hyperalgesia via regulating the activity of spinal NMDARs.
These findings provide electrophysiological evidence and
useful insights regarding the mechanistic action of β-ARK1
inhibitor as a potential anti-hyperalgesic agent to improve the
efficacy of opioid therapies.
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Abbreviations
AMPAR α-Amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor
AP5 2-Amino-5-phosphonopentanoic acid
β-ARK1 Beta-adrenergic receptor kinase1
CNQX 6-cyano-7-nitroquinoxaline-2,3-dione
EPSCs Excitatory postsynaptic currents
GRK G-protein coupled receptor kinase
LTP Long-term potentiation;
NMDAR N-Methyl-D-aspartic acid receptor;
sEPSCs Spontaneous excitatory postsynaptic currents

Introduction

NMDARs have been proved to negatively regulate the capac-
ity of opioids to alleviate pain [1–4]. Increased activities of
NMDARs complicate the clinical use of opioids for the treat-
ment of neuropathic pain [5, 6]. Blockade of NMDARs could
ameliorate the development of tolerance and hyperalgesia to
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different opioid effects and be the erasure of hyperalgesia and
tolerance to morphine, stressing that NMDARs play pivotal
roles in both the development and management of opioid
hyperalgesia and tolerance [1, 4, 7]. The interaction between
the opioid system and NMDARs is underlined by the opioid-
dependent regulation of neurotransmission mediated by
NMDARs. Our previous study has proposed that increased
activities of spinal presynaptic NMDARs contribute to an in-
crease in glutamate release from primary afferents and opioid
tolerance and hyperalgesia [8]. These responses could be
attenuated by intrathecal injection of NMDARs antago-
nists, suggesting that blockade of spinal NMDARs hyper-
function effectively ameliorates the development and main-
tenance of morphine-induced tolerance and hyperalgesia.
The relationship between NMDARs and μ-opioid receptors
is bidirectional, and μ-opioid receptors-induced potentia-
tion of NMDARs activity results in tolerance to morphine
[1, 4, 9, 10]. For example, morphine decreases presynaptic
NMDARs-mediated glutamatergic input from primary af-
ferent terminals to relieve pain, but causes long-lastingly
increased glutamatergic input through activation of presyn-
aptic NMDARs after repeated opioid injections [11].
However, little is known about the signaling pathways that
mediate the NMDARs activity involved in the management
of spinal opioid antinociception.

β-ARK1, a type of G-protein-coupled receptor kinases
(GRK), induces desensitization of opioid-mediated transmis-
sion semaphore, which plays a functional role in the opioid-
induced synaptic plasticity and causes central sensitization of
neurons in the spinal cord [12–15]. The activation ofβ-ARK is
simultaneously regulated by the interaction of the kinase with
the heterotrimeric G protein βγ subunits and the agonist-
occupied form of receptor substrate [16]. It was found that
there was a 35% increase in levels of β-ARK1 expression by
repeated morphine treatment [17]. An increase in β-ARK1
immunoreactivity by chronic morphine may contribute to
opioid-induced tolerance and hyperalgesia. It is well
established that the selected G-protein-coupled receptors
(GPCRs) regulate NMDARs function and result in NMDAR-
dependent plasticity [18, 19]. However, the signaling mecha-
nisms and specific cellular origin involved in morphine-
increased activity of β-ARK1 and NMDARs remain unclear.

The current research used a multi-disciplinary approach to
investigate the effect of selective kinase β-ARK1 inhibitors at
the cellular and system levels on the erasure of opioid-induced
hyperalgesia and tolerance. We focused on β-ARK1 because
it can modulate the NMDARs activity and play a critical role
in central sensitization in the spinal cord, which is a critical
mechanism of spinal opioid tolerance and hyperalgesia. In this
study, we determined how hyperactivity of β-ARK1 affects
morphine-induced analgesia and regulates morphine
tolerance-related spinal synaptic plasticity and behavior by
chronic morphine injections.

Methods

Animals and Morphine Administration

Male Sprague Dawley (SD) rats (280–320 g) were used in this
research. All of the experimental preparation and surgical pro-
tocols conformed to the National Natural Science Foundation
of China guidelines on the ethical use of animals and were
approved by the Animal Care and Use Committee of
Huazhong University of Science and Technology. Animals
were randomly assigned to one of two groups: morphine
group and control (saline) group. With respect to group as-
signment, all testing was conducted blindly. Opioid tolerance
and hyperalgesia were induced with consecutive intraperito-
neal administrations of 10 mg/kg morphine (Sigma, USA) for
8 days [8, 20]. In the control group, rats received daily intra-
peritoneal administrations of the saline. Under isoflurane-
induced anesthesia, intrathecal catheters implanted were pre-
pared for behavioral experiments with live rats as described in
our previous studies [8, 20]. Before intrathecal injections, the
rats were recovered for 5 days [8].

Spinal Cord Slices Preparation and Electrophysiological
Recordings

Under 2% isoflurane in O2 anesthesia, the spinal cord in the
lumbar segment was immediately removed through
laminectomy and rapidly put in ice-cold artificial cerebro-
spinal fluid (aCSF) as we described previously [8, 21]. The
aCSF included (in mM) sucrose 234, MgCl2 1.2, CaCl2 2.5,
KCl 3.6, NaHCO3 25.0, NaH2PO4 1.2, and glucose 12.0
and were preconditioned with 5% CO2 and 95% O2. The
400 μm in thickness was cut from transverse spinal cord
slices in ice-cold sucrose aCSF and then transferred to
Krebs solution preconditioned with 5% CO2 and 95% O2

at 34 °C for at least 1 h.
Whole-cell voltage-clamp techniques were employed to

record spontaneous EPSCs and evoked-AMPA-EPSCs in vi-
sualized lamina II neurons. The internal solution included (in
mM) KCl 5, K-gluconate 135, MgCl2 2.0, CaCl2 0.5, Hepes
5.0, ATP-Mg 5.0, Na-GTP 5.0, EGTA 0.5, and QX314 10 and
was used to adjusted to pH 7.25 with 1.0 m CsOH (280–
300 mOsm). The impedance was 4–7 MΏ. Through a bipolar
tungsten electrode, synaptic currents were evoked from the
dorsal root when the evoked AMPA-EPSCs were recorded.
At a holding potential of − 60 mV, the AMPA-EPSCs were
recorded in the presence of 10 μM land 2 μM strychnine. If
the input resistance changed by more than 15%, the recording
was abandoned. An amplifier MultiClamp 700A (Axon
Instruments, Foster City, CA, USA) with a stimulator (Grass
instruments, quincy, MA, USA) was employed to record
EPSC and digitized at 10 kHz and filtered at 1–2 kHz. β-
ARK1 was purchased from Abcam, and most of the salts used
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to prepare the external and internal media were purchased
from Sigma.

Behavioral Assessment

Rats (morphine group n = 9 rats and control group n = 6 rats)
achieved more than three 60-min acclimation to the experi-
ment environment over successive days prior to mechanical
and thermal monitoring [8, 20]. After habituations for 30 min,
baseline withdrawal thresholds were recorded in response to
the mechanical and thermal nociception applied to the
hindpaw. The mean value of both of hindpaws tested in each
animal was used as the mechanical and thermal nociceptive
withdrawal threshold [8, 20]. After the baseline of the me-
chanical and thermal nociceptive withdrawal threshold was
recorded, an intrathecal injection of morphine was then given
to the animals and the mechanical and thermal threshold was
tested after morphine injection for 30 min in response to the
pressure and thermal stimulus.

To quantitatively assess the mechanical nociception, rats
were tested with the Ugo Basil Analgesimeter (Varese,
Italy). The animal’s nociceptive threshold was recorded on
the scale when they displayed pain by withdrawing the paw.
A cut-off of 400 g was used to prevent potential tissue injury.
The thermal nociception of rats were tested with a thermal
testing apparatus (IITC Inc., Woodland Hills, CA, USA). To
avoid potential tissue damage, a maximum of 30s was used as
a cut-off.

Data Analysis

Averaged data are presented as means ± SEM. For electro-
physiological experiment, in the control group minimum
numbers were determined based on pertinent literature [8,
21] and in the treatment group minimum numbers were deter-
mined based on our pilot experiment for comparable studies in
which desired effect sizes were shown to be statistically sig-
nificant. To determine the amplitude of the evoked AMPA-
EPSCs, at least 10 consecutive AMPA-EPSCs were averaged
and analyzed offline with Clampfit 10.0 software. SEPSCs
were analyzed off-line using a peak detection program
(MiniAnalysis; Synaptosoft, Leonia, NJ, USA). The cumula-
tive probability of the amplitude and the interevent interval of
the sEPSCs were compared using the Kolmogorov-Smirnov
test, which estimates the probability that two distributions are
similar. We used Student’s t test to compare two groups and
one-way analysis of variance followed by Dunnett’s post hoc
test to compare more than two groups. Two-way analysis of
variance followed by Bonferroni’s post hoc test was used to
determine the difference in the development of opioid toler-
ance and hyperalgesia between the vehicle-treated and β-
ARK1 inhibitor-treated groups. P < 0.05 was considered to
be statistically significant.

Results

Morphine application on spinal cord slices from morphine-
treated rats produces less inhibition of glutamatergic input
and cessation of morphine results in increased glutamatergic
input.

Bath application of 1 μMmorphine for 3 min significantly
inhibited the amplitude of spinal monosynaptic AMPA-
EPSCs evoked from the dorsal root in vehicle-treated
(n = 12 neurons) and morphine-treated (n = 25 neurons) rats
(Fig. 1a, b). However, in comparison with vehicle group
(46.25 ± 4.68%, n = 12 neurons, Fig. 1c), there was signifi-
cantly reduced the percentage of inhibition of the amplitude of
AMPA-EPSCs by chronic morphine (18.12 ± 2.63%, Fig. 1c).
After washout of morphine, there was a significant decrease in
the percentage of inhibition of the amplitude of monosynaptic
AMPA-EPSCs in opioid tolerant rats (− 24.07 ± 5.09%, n = 25
neurons, Fig. 1c), but a significant increase in vehicle-treated
rats (17.45 ± 4.39%, n = 12 neurons, Fig. 1c).

Presynaptic mu-opioid receptors contribute to application
of morphine-reduced the percentage of inhibition of gluta-
matergic input and cessation of morphine-increased long-term
potentiation (LTP) at the spinal level in the opioid tolerant rats.

To investigate whether postsynaptic μ-opioid receptors
contributes to these responses, general G-protein inhibitor
GDP-β-S (1 μM) was employed to block postsynaptic
MORs in the pipette internal solution [21]. Postsynaptic intra-
cellular application of the MORs blocker GDP-β-S had no
effect on these responses in the chronic opioid-tolerant rats
(n = 33 neurons, Fig. 1a–c).

To further investigate the role of additional application of
morphine in LTP in the opioid tolerant rats, AMPA-EPSCs
were recorded for 21 min after cessation of morphine.
Surprisingly, after 15 min cessation of morphine, there was a
significant and persistent increase in the amplitude of AMPA-
EPSCs of chronic morphine-treated spinal lamina II neurons
(n = 25 neurons, Fig. 1d). However, in the vehicle group, there
was the prolonged inhibition after 15 min cessation of mor-
phine, which was a specific effect of morphine compare to
previous studies [21, 22]. Meanwhile, there was no effect on
these responses by blocking postsynaptic MORs with
GDP-β-S in the pipette internal solution in the opioid-
tolerant rats (n = 33 neurons, Fig. 1d).

Additional application of morphine decreases the percent-
age of inhibition of spinal basal glutamatergic synaptic input
to lamina II neurons in the opioid tolerant rats.

Additional treatment with 1 μM morphine for 3 min sig-
nificantly inhibited the frequency of sEPSCs of spinal lamina
II neurons from vehicle-treated (n = 12 neurons, Fig. 2a–c)
and morphine-treated rats (n = 14 neurons, Fig. 2a–c).
However, in comparison with vehicle group (37.69 ± 3.03%,
n = 12 neurons, Fig. 2e), there was significantly reduced per-
centage of inhibition of the frequency of sEPSCs in chronic
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morphine rats (20.91 ± 4.20%, n = 14 neurons, Fig. 2e). After
morphine washout, in comparison with morphine tolerant
group (− 0.14 ± 3.99%, n = 14 neurons, Fig. 2e), there was a
significant increase in the percentage of inhibition of the

frequency of sEPSCs in vehicle rats (19.78 ± 3.37%, n = 12
neurons, Fig. 2e).

Compared with vehicle group (n = 12 neurons, Fig. 2c, d),
after 15 min cessation of morphine, there was significantly
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increased the frequency of sEPSCs in opioid tolerant rats
(n = 14 neurons, Fig. 2c, d). There was no significant effect
on the amplitude of sEPSCs in the vehicle-treated (n = 12
neurons, Fig. 2c) and morphine-treated (n = 14 neurons,
Fig. 2c) rats.

The role of spinal NMDA receptor activity in morphine
application-produced less inhibition and cessation of
morphine-induced LTP at the spinal level in the opioid tolerant
rats.

After Incubation with the NMDARs blocker 50 μM AP5
for 2 h, bath application of morphine (1 μM) for 3 min in-
duced a significant decrease in the amplitude of monosynaptic
AMPA-EPSCs by (n = 27 neurons, Fig. 3a–b).

Compared with morphine group (18.12 ± 2.66%, n = 25
neurons, Fig. 3c), there was a significant increase in the per-
centage of inhibition of the amplitude of evoked-AMPA-
EPSCs after AP5 treatment (32.54 ± 3.79%, n = 27 neurons,
Fig. 3c). After 15 min cessation of morphine, there was sig-
nificantly increased inhibition of percentage of the amplitude
of AMPA-EPSCs after AP5 incubation (− 7.41 ± 3.19%,
n = 27 neurons, Fig. 3c) compared with morphine group (−
24.07 ± 5.09%, n = 25 neurons, Fig. 3c). There was a signif-
icant long-term depression in the amplitude of AMPA-EPSCs
in AP5 group after 15 min cessation of morphine (n = 27
neurons, Fig. 3d).

After AP5 incubation for 2 h, bath application of 1 μM
morphine for 3 min significantly decreased the frequency of
sEPSCs of spinal lamina II neurons (n = 27 neurons,
Fig. 4a–c).

Compared with morphine group (20.91 ± 4.20%, n = 14
neurons, Fig. 4d), there was a significant increase in the per-
centage of inhibition of the frequency of sEPSCs after AP5
treatment (42.96 ± 3.37%, n = 27 neurons, Fig. 4d). After
15min cessation ofmorphine, comparedwithmorphine group
(− 0.14 ± 3.99%, n = 14 neurons, Fig. 4d), there was

significantly increased the percentage of inhibition of the fre-
quency of sEPSCs after AP5 incubation (2.01 ± 5.547%,
n = 27 neurons, Fig. 4d). Compared with morphine group
(n = 14 neurons, Fig. 4e), there was a significant long-term
depression in the frequency of sEPSCs in AP5 group after
15 min cessation of morphine (n = 27 neurons, Fig. 4e).

β-ARK1 regulates the increase in spinal NMDARs activi-
ties produced by chronic morphine.

β-ARK1, a type of GRK, induces desensitization of
opioid-mediated transmission semaphore, which plays a func-
tional role in the opioid-induced synaptic plasticity and causes
central sensitization of neurons in the spinal cord [14, 16, 17,
23]. It was proved that there was a significant increase in β-
ARK1 activity in the central nervous system by chronic mor-
phine [14, 17]. To determine whether β-ARK1 mediates the
increased NMDARs activities by repeated opioid treatment,
β-ARK1 inhibitor (a GRK2 selective antagonist) was used.
After incubation for 2 h with β-ARK1 inhibitor (100 μM),
additional treatment with 50 μM AP5 failed to affect the am-
plitude of AMPA-EPSCs of morphine-tolerant spinal lamina
II neurons from the dorsal root (Fig. 5a–d). AP5 significantly
reduced the amplitude of AMPA-EPSCs in morphine-tolerant
rats without β-ARK1 inhibitor incubation (n = 11 neurons,
Fig. 5a–d). Thus, our data suggest that β-ARK1 play an im-
portant role in an increase in spinal NMDARs hyperactivities
caused by chronic morphine (n = 27 neurons, Fig. 5d).

To analyze the hyperactivity of β-ARK1 in NMDAR-
mediated basal glutamate input from primary afferents, β-
ARK1 inhibitor was employed in repeated opioid-injected
rats. Incubation for 2 h with the β-ARK1 inhibitor
(100 μM) abolished the 50 μM AP5-mediated inhibition of
the frequency of sEPSCs of morphine-tolerant spinal lamina II
neurons (n = 19 neurons, Fig. 6a–c).

Contribution of β-ARK1 activity in morphine application
produced less inhibition and cessation of morphine-induced
LTP at the spinal level in the opioid tolerant rats.

To analyze the role of β-ARK1 activity in chronic
morphine-inhibited glutamatergic transmission from primary
afferents by morphine treatment, β-ARK1 inhibitor (a GRK2
selective antagonist) was employed to block β-ARK1 activity
in morphine-tolerant rats. After incubation with β-ARK1 in-
hibitor (100 μM) for 2 h, additional treatment with 1 μM
morphine for 3 min significantly inhibited the amplitude of
monosynaptic AMPA-EPSCs in the spinal cord (n = 22 neu-
rons Fig. 7a, b).

Compared with morphine group (18.12 ± 2.66%, n = 25
neurons, Fig. 7c), there was a significant increase in the inhi-
bition of percentage of the amplitude of evoked-AMPA-
EPSCs after β-ARK1 inhibitor treatment (30.07 ± 2.96%,
n = 18 neurons, Fig. 7c). After 15 min cessation of morphine,
compared with morphine group (− 24.07 ± 5.09%, n = 25
neurons, Fig. 7c) there was significantly increased inhibition
of percentage of the amplitude of AMPA-EPSCs after β-

Fig. 1 Presynaptic μ-receptors contribute to opioid-decreased inhibition
followed by a large LTP in the morphine-tolerant spinal cord. a Original
tracings show the effect of bath application of 1 μM morphine on
monosynaptic AMPA-EPSCs of laminal II neurons evoked from the
dorsal root in a vehicle- and opioid-tolerant rat (recorded with and
without 1 μM GDP-β-S in the pipette solution). b Group data show the
effect of bath application of 1 μM morphine on the mean amplitude of
evoked AMPA-EPSCs of lamina II neurons in vehicle-treated (n = 12
neurons) as well as morphine-treated rats recorded without GDP-β-S
(n = 25 neurons) or with GDP-β-S (n = 33 neurons). c Group data
show the percentage of inhibition after bath application of 1 μM
morphine and cessation of morphine on the mean amplitude of evoked
AMPA-EPSCs in vehicle-treated (n = 12 neurons) as well as morphine-
treated rats recorded without GDP-β-S (n = 25 neurons) or with GDP-β-
S (n = 33 neurons). d Mean time courses of lamina II neurons with bath
application of 1 μM morphine for 3 min on the mean amplitude of
AMPA-EPSCs in vehicle-treated (n = 12 neurons) as well as morphine-
treated rats recorded without GDP-β-S (n = 25 neurons) or with GDP-β-
S (n = 33 neurons). *p < 0.05 when compared with respective baseline
controls. #p < 0.05 when compared with respective treated group
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ARK1 inhibitor incubation (4.69 ± 4.50%, n = 18 neurons,
Fig. 7c). Compared with morphine group (n = 25 neurons,
Fig. 7d), there was a significant long-term depression in the
amplitude of AMPA-EPSCs in β-ARK1 inhibitor group after
15 min cessation of morphine (n = 18 neurons, Fig. 7d).

To analyze whetherβ-ARK1 activity plays the same role in
morphine-inhibited glutamatergic transmission from primary
afferents in vehicle-treated rats, β-ARK1 inhibitor was
employed to block β-ARK1 activity. After incubation with
β-ARK1 inhibitor (100 μM) for 2 h, bath application with
1μMmorphine for 3 min significantly inhibited the amplitude
of monosynaptic AMPA-EPSCs in the spinal cord (n = 8 neu-
rons, Fig. 7a, b) in vehicle-treated group. But compared with
control, there was no significant effect on morphine-inhibited
the amplitude of spinal monosynaptic AMPA-EPSCs after β-
ARK1 inhibitor incubation (Fig. 7a, b).

To analyze the role of β-ARK1 activity in chronic
morphine-elevated basal glutamatergic synaptic input to spi-
nal lamina II neurons, β-ARK1 inhibitor was employed to
block β-ARK1 activity in morphine-tolerant rats. After incu-
bation with the β-ARK1 inhibitor for 2 h, bath application of
1μMmorphine for 3 min significantly inhibited the frequency
of sEPSCs of spinal lamina II neurons in chronic opioid-
treated spinal cord slices (n = 18 neurons, Fig. 8a–c). There
was no significant effect on the amplitude of sEPSCs after β-
ARK1 inhibitor treatment (n = 18 neurons, Fig. 8b, c).

Fig. 3 Contribution of NMDA
receptor activity in chronic
morphine-induced tolerance and
hyperalgesia in the spinal cord. a
Original recordings show the
effect of 1 μM morphine on
evoked AMPA-EPSCs of lamina
II neurons from spinal cord slices
pretreated with AP5 in a
morphine-treated rat. b Summary
data show the effect of 1 μM
morphine on the mean amplitude
of AMPA-EPSCs of lamina II
neurons from spinal cord slices
pretreated with AP5 in morphine-
treated rats. cGroup data show the
percentage of inhibition after bath
application of 1 μMmorphine and
cessation of morphine on the mean
amplitude of evoked AMPA-
EPSCs in vehicle- (n = 12
neurons) andmorphine-treated rats
(without AP5 n = 25 neurons and
with AP5 n = 27 neurons). dMean
time courses of lamina II neurons
with bath application of 1 μM
morphine for 3 min on the mean
amplitude of AMPA-EPSCs in
vehicle- (n = 12 neurons) and
morphine-treated rats (without
AP5 n = 25 neurons and with AP5
n = 27 neurons). *p < 0.05 when
compared with respective baseline
controls. #p < 0.05when compared
with respective treated group

Fig. 2 Chronic morphine decreases morphine-inhibited basal
glutamatergic input in the spinal cord. a Original recording traces and
cumulative plots show the effect of bath application of 1 μM morphine
for 3 min on the frequency and amplitude of sEPSCs of a lamina II neuron
from a vehicle-treated rat. b Original recordings and cumulative plots
show the effect of 1 μM morphine on sEPSCs of a lamina II neuron
from an opioid-tolerant rat. c Summary data of the effect of bath
application of 1 μM morphine on the mean frequency and amplitude of
sEPSCs in vehicle-treated (n = 12 neurons) andmorphine-tolerant (n = 14
neurons) rats. d Mean time courses of lamina II neurons with bath
application of 1 μM morphine for 3 min on the mean frequency of
sEPSCs in vehicle-treated (n = 12 neurons) as well as morphine-treated
(n = 14 neurons) rats. eGroup data show the percentage of inhibition after
bath application of 1 μM morphine and cessation of morphine on the
mean frequency of sEPSCs in vehicle-treated (n = 12 neurons) as well
as morphine-treated (n = 14 neurons) rats. *p < 0.05 when compared with
respective baseline controls. #p < 0.05 when compared with respective
treated group

R
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Compared with morphine group (20.91 ± 4.20%, n = 14
neurons, Fig. 8d), there was a significant increase in the inhi-
bition of percentage of the frequency of sEPSCs after β-
ARK1 inhibitor treatment (49.32 ± 3.97%, n = 18 neurons,
Fig. 8d). After 15 min cessation of morphine, there was sig-
nificantly increased inhibition of percentage of the frequency
of sEPSCs a f t e r β -ARK1 inh ib i to r i ncuba t ion
(15.87 ± 3.65%, n = 18 neurons, Fig. 8d) compared with
morphine group (− 0.14 ± 3.99%, n = 14 neurons, Fig. 8d).
Compared with morphine group (n = 14 neurons, Fig. 8e),
there was a significant long-term depression in the frequency

of sEPSCs in β-ARK1 inhibitor group after 15 min cessation
of morphine (n = 18 neurons, Fig. 8e).

Blocking β-ARK1 activity ameliorates morphine-induced
tolerance and hyperalgesia in the spinal cord.

To induce morphine tolerance in rats, morphine
(10 mg/kg) was used by daily intraperitoneal injection for
8 days. β-ARK1 inhibitor (40 μg) (n = 9 rats) or saline
(n = 6 rats) was administered daily through the intrathecal
catheter in morphine-tolerant rats. To avoid potential tissue
injury when the analgesic effect of morphine was assessed,
morphine (5 mg/kg) was intraperitoneally injected. And

Fig. 4 Contribution of NMDA
receptor activity in chronic
morphine-induced basal
glutamatergic release in the spinal
cord. a Original recording traces
show the effect of bath application
of 1 μMmorphine on the sEPSCs
of lamina II neurons from spinal
cord slices pretreated with AP5 in
a chronic morphine-treated rats. b
Cumulative plots show the effect
of bath application of 1 μM
morphine on the frequency and
amplitude of sEPSCs of lamina II
neurons from spinal cord slices
pretreated with AP5 in a morphine
tolerant rat. c Group data show the
effect of bath application of 1 μM
morphine on the mean frequency
of sEPSCs of lamina II neurons
from spinal cord slices pretreated
with AP5 in morphine-treated rats.
d Summary data show the
percentage of inhibition after bath
application of 1 μMmorphine and
cessation of morphine on the mean
frequency of sEPSCs in vehicle-
(n = 11 neurons) and morphine-
treated rats (without AP5 n = 14
neurons and with AP5 n = 27
neurons). eMean time courses of
lamina II neurons with bath
application of 1 μMmorphine for
3 min on the mean frequency of
sEPSCs in vehicle- (n = 12
neurons) andmorphine-treated rats
(without AP5 n = 14 neurons and
with AP5 n = 27 neurons).
*p < 0.05 when compared with
respective baseline controls.
#p < 0.05 when compared with
respective treated group
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after behavioral test each day, the remaining morphine
(5 mg/kg) was administered. To examine the role of spinal
β-ARK1 activation in the reinstatement of opioid
antinociception tolerance, 20 μg of β-ARK1 inhibitor or
vehicle was injected 5 min before morphine injection.
Mechanical and thermal nociception was tested before and
30 min after morphine administration. After the behavioral
test each day, the remaining β-ARK1 inhibitor (20 μg) was
administered intrathecally along with morphine (5 mg/kg)
injected intraperitoneally.

In the vehicle group, the antinociceptive role of morphine
in response to application of the mechanical and thermal
nociception was gradually attenuated by daily intraperitoneal
injection of morphine (10 mg/kg). Within 1 week, in vehicle-
treated rats morphine injection (5 mg/kg) failed to produce a
significant effect on the paw withdrawal threshold (n = 6 rats,
Fig. 9a–b). By comparison, in β-ARK1 inhibitor-injected rats
the analgesic role of morphine in the paw withdrawal

threshold was gradually reduced but largely sustained during
the eight consecutive days of morphine administration (n = 9
rats, Fig. 9a–b). Even on the last day of morphine administra-
tion, intraperitoneal injection of 10 mg/kg of morphine signif-
icantly enhanced the paw withdrawal threshold in the β-
ARK1 inhibitor-treated rats.

In the vehicle group, the baseline paw withdrawal thresh-
old was gradually reduced by daily intraperitoneal mor-
phine (10 mg/kg) treatment. In contrast, the baseline paw
withdrawal threshold was largely sustained in β-ARK1 in-
hibitor-injected rats during the eight consecutive days of
morphine administration (n = 9 rats, Fig. 9a–b). In the β-
ARK1 inhibitor group, the baseline was similar to that test-
ed before morphine administration even on day 8 of mor-
phine injection. Therefore, our data imply that increased
spinal β-ARK1 activities play pivotal roles in the reinstate-
ment of opioid hyperalgesia and tolerance by systemic mor-
phine treatment.

Fig. 5 β-ARK1 contributes to
augmented glutamatergic input to
spinal dorsal horn neurons
induced by chronic morphine. a
Representative recordings show
the lack of effect of 50 μM AP5
on the amplitude of AMPA-
EPSCs of a lamina II neuron from
a spinal cord slice in one
morphine-treated rat. b
Representative traces plots show
the effect of 50 μM AP5 on the
amplitude of AMPA-EPSCs of a
lamina II neuron from a spinal
cord slice in one morphine-treated
rat. c Original traces show the
lack of effect of 50 μM AP5 on
the amplitude of monosynaptic
AMPA-EPSCs of the lamina II
neuron from a spinal cord slice
pretreated with β-ARK1inhibitor
in a morphine-treated rat. d
Summary data of the effect of
50 μM AP5 on the mean
amplitude of evoked AMPA-
EPSCs in spinal cord slices in
vehicle- (n = 9 neurons) and
morphine-treated rats (without
n = 11 neurons and with β-ARK1
inhibitor n = 27neurons).
*p < 0.05 when compared with
respective baseline controls
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Discussion

In this study, we provide electrophysiological evidence that
morphine application on spinal cord slices from morphine-
treated animals produces less inhibition of AMPA-EPSCs
and the cessation of morphine application results in increased
AMPA-EPSCs. These data prove that the development of an-
algesic tolerance during chronic use requires an increase in the
dose of the drug to produce the same pain relief, which occurs
in parallel with the progressive reduction of the nociceptive
threshold. This is a major obstacle to improving the clinical
treatment of moderate to severe pain [3, 24–26]. Our data
suggest that brief application of morphine induces a decrease
short-term inhibition and cessation of morphine result in LTP
in spinal glutamatergic input from primary afferents to lamina
II neurons in morphine-tolerant rats contribute to morphine
tolerance and hyperalgesia.

μ-opioid receptor agonist likely produces spinal
antinociception by attenuating presynaptic primary afferent
input and by inhibiting postsynaptic dorsal neurons [21, 22,

27]. Our previous study observes, during the μ-opioid recep-
tor agonists’ enkephalin washout, a rebound increase in

Fig. 6 β-ARK1 contributes to
augmented basal glutamatergic
release to spinal dorsal horn
neurons induced by chronic
morphine. a Representative
recordings show the lack of effect
of 50 μM AP5 on the frequency
and amplitude of sEPSCs of a
lamina II neuron from a spinal
cord slice pretreated with 100 μM
β-ARK1inhibitor in one
morphine-treated rat. b
Cumulative plots show the lack of
effect of 50 μM AP5 on the
frequency and amplitude of
sEPSCs of a lamina II neuron
from a spinal cord slice pretreated
with 100 μMβ-ARK1inhibitor in
one morphine-treated rat. c
Summary data of the effect of
50 μM AP5 on the mean
frequency and amplitude of
sEPSCs (n = 19 neurons) in spinal
cord slices pretreated with β-
ARK1inhibitor in morphine-
treated rats

�Fig. 7 β-ARK1 contributes to augmented morphine-decreased
inhibition of glutamatergic input and LTP at the spinal level by chronic
morphine. a Original recording traces show the effect of bath application
of 1 μMmorphine on the amplitude of evoked AMPA-EPSCs of lamina
II neurons from spinal cord slices in a vehicle- (without and with β-
ARK1 inhibitor) and opioid-tolerant(with β-ARK1 inhibitor) rat. b
Summary data show the effect of 1 μM morphine on the amplitude of
lamina II neurons from spinal cord slices in vehicle-(without n = 12
neurons and with n = 8 neurons β-ARK1 inhibitor) and morphine-
treated (with β-ARK1 inhibitor, n = 22 neurons) rats. c Group data
show the percentage of inhibition after bath application of 1 μM
morphine and cessation of morphine on the mean amplitude of evoked
AMPA-EPSCs in vehicle- (n = 12 neurons) and morphine-treated rats
(without β-ARK1 inhibitor n = 25 neurons and with β-ARK1 inhibitor
n = 22 neurons). d Mean time courses of lamina II neurons with bath
application of 1μMmorphine for 3 min on the mean amplitude of evoked
AMPA-EPSCs in vehicle- (n = 12 neurons) and morphine-treated rats
(without β-ARK1 inhibitor n = 25 neurons and with β-ARK1 inhibitor
n = 22 neurons). *p < 0.05 when compared with respective baseline
controls. #p < 0.05 when compared with respective treated group
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glutamatergic input to some spinal lamina II neurons in nor-
mal rats [28]. However, whether pre- or postsynaptic μ-opioid
receptors regulate morphine antinociception mechanism in
opioid-tolerant rats is still fragmentary. Postsynaptic

intracellular additional treatment with GDP-β-S had no effect
on these responses to the spinal lamina II neurons, suggesting
that presynaptic μ-opioid receptors play pivotal roles in mor-
phine tolerance and hyperalgesia.
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Our data suggest that NMDARs hyperactivities play vital
roles in morphine tolerance and hyperalgesia. In the current
opinions, there are many proposed mechanisms for opioid-
induced hyperalgesia and tolerance involving the central
glutaminergic system, spinal dynorphins, and so on [29]. Of
these, the central glutaminergic system is considered the most
common possibility. Our previous studies and others have
confirmed that NMDARs in opioid-induced hyperalgesia
and tolerance include activation of the glutamate transporter

system, facilitation of calcium regulated intracellular PKC [8,
30, 31]. Our previous data have proposed that the spinal pre-
synaptic hyperactivity of NMDARs contributes to an increase
in glutamatergic input from primary afferents and also con-
tributes to tolerance and hyperalgesia produced by repeated
morphine administration [7–9]. Blocking spinal NMDARs by
ketamine and dextromethorphan attenuates chronic morphine
tolerance, as well as the related synaptic plasticity and behav-
ior. However, little is known about the unifying intracellular

Fig. 8 Contribution of β-ARK1
activity in chronic morphine-
induced basal glutamatergic
release in the spinal cord. a
Original recording traces show
the effect of bath application of
1 μMmorphine on the sEPSCs of
lamina II neurons from spinal
cord slices pretreated with β-
ARK1 inhibitor in an opioid
tolerant rat. b Cumulative plots
show the effect of bath
application of 1 μM morphine on
the frequency and amplitude of
sEPSCs of lamina II neurons from
spinal cord slices pretreated with
β-ARK1 inhibitor in a morphine-
treated rat. c Group data show the
effect of bath application of 1 μM
morphine on the frequency of
sEPSCs of lamina II neurons from
spinal cord slices pretreated with
β-ARK1 inhibitor in morphine-
treated rats. d Summary data
show the percentage of inhibition
after bath application of 1 μM
morphine and cessation of
morphine on the mean frequency
of sEPSCs in vehicle- (n = 12
neurons) and morphine-treated
rats (without n = 14 neurons and
with β-ARK1 inhibitor n = 18
neurons). e Mean time courses of
lamina II neurons with bath
application of 1 μMmorphine for
3 min on the mean frequency of
sEPSCs in vehicle-treated (n = 12
neurons) and morphine-treated
rats (without n = 14 neurons and
with β-ARK1 inhibitor n = 18
neurons). *p < 0.05 when
compared with respective
baseline controls. #p < 0.05 when
compared with respective treated
group
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and molecular mechanisms of blockade of NMDAR
activation in morphine analgesia at the spinal cord level after
long-term morphine administration [1, 4, 21, 22]. AP5, a
NMDAR antagonist, produced a significant increase in the
percentage of inhibition of the amplitude of spinal monosyn-
aptic evoked AMPA-EPSCs by additional application of
morphine and a significant inhibition in long-term
potentiation after cessation of morphine. Our findings stress
that NMDAR activity contributes to morphine analgesic
tolerance.

Our findings suggest that the spinal NMDAR is the target
of β-ARK1 in morphine tolerance and hyperalgesia. β-
ARK1, as a member of growing family of GRKs, has been
identified within the cell bodies of neurons, and within struc-
tures including presynaptic axon terminals, dendritic spines,
and dendritic shifts [32]. β-ARK1 plays a pivotal role in the
mechanism of agonist-specific desensitization and agonist-
dependent GPCR phosphorylation [16]. The increased β-
ARK1 activity has been proven in the central nervous system
by chronic morphine treatment [14, 15, 17]. Our previous
studies have proved that chronic stimulation of the μ-opioid

receptors increase NMDAR activity at primary afferents, but
the precise signaling mechanisms are not fully known. In this
study, we found that bath application of NMDAR blocker
AP5 failed to significantly affect the amplitude of evoked
AMPA-EPSCs and the frequency of sEPSCs in the β-ARK1
inhibitor-incubated spinal cord slices from opioid-tolerant
rats. Furthermore, incubation with β-ARK1 inhibitor potenti-
ated the morphine-induced inhibition of the amplitude of
evoked AMPA-EPSCs and the frequency of sEPSCs in
morphine-treated rats. Our data collectively suggest that β-
ARK1 activity contributes to NMDAR hyperfunction-
induced glutamatergic synaptic transmission in opioid-
tolerant rats, and blockade of β-ARK1 activation reinstates
morphine-related synaptic plasticity.

In parallel with these findings, intrathecal injections of β-
ARK1 inhibitor significantly attenuated opioid analgesic tol-
erance. After intrathecal application of β-ARK1 inhibitor, the
time course of morphine analgesic effects on the paw with-
drawal threshold was gradually reduced but largely sustained
during the eight consecutive days of morphine administration.
Furthermore, the baseline paw withdrawal threshold failed to

Fig. 9 Blocking β-ARK1 at the spinal level attenuates the development
of hyperalgesia and analgesic tolerance caused by chronic morphine. a
Time course of changes in the baseline nociceptive withdrawal
thresholds, tested by applying a noxious pressure stimulus to the
hindpaw, and the analgesic effect of morphine in rats treated with
intrathecal injections of vehicle (saline n = 6 rats).) or β-ARK1inhibitor
(n = 9 rats). b Time course of changes in the baseline nociceptive
withdrawal thresholds tested by applying a noxious heat stimulus to

the hindpaw, and the analgesic effect of morphine in rats treated with
intrathecal injections of saline or β-ARK1inhibitor. The baseline
withdrawal threshold was measured before morphine injection each
day, and the analgesic effect of morphine was tested 30 min after each
morphine injection (5 mg/kg, i.p.). *p < 0.05 compared with the
corresponding morphine effect in the vehicle control group.
#p < 0.05 compared with the corresponding baseline value in the
vehicle control group
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be significantly altered by chronic morphine in intrathecal
injection of β-ARK1 inhibitor group. Our results suggest that
β-ARK1 hyperactivity contributes to both NMDAR
hyperfunction-enhanced glutamatergic input and opioid-
induced hyperalgesia and tolerance in the spinal cord.

In summary, β-ARK1 hyperactivity plays a pivotal role in
development and management of opioid tolerance and
hyperalgesia at the spinal cord level. Blockade of β-ARK1
activation ameliorates morphine tolerance and hyperalgesia
via regulating the function of spinal NMDAR. These findings
provide electrophysiological evidence and useful insights re-
garding the mechanistic action of β-ARK1 inhibitor as a po-
tential anti-hyperalgesic agent and an effective way to im-
prove the efficacy of opioid therapies.
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