THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 30, pp. 25073-25085, July 20, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Chronic Opioid Potentiates Presynaptic but Impairs
Postsynaptic N-Methyl-p-aspartic Acid Receptor Activity in

Spinal Cords

IMPLICATIONS FOR OPIOID HYPERALGESIA AND TOLERANCE™

Received for publication, May 4, 2012, and in revised form, June 1,2012 Published, JBC Papers in Press, June 7,2012, DOI 10.1074/jbc.M112.378737

Yi-Lin Zhao (i EA#K)*°, Shao-Rui Chen (B2 &%)*, Hong Chen (FR£L)*, and Hui-Lin Pan (& 2 )"’

From the *Center for Pain and Neuroscience Research, Department of Anesthesiology and Perioperative Medicine, The University
of Texas M.D. Anderson Cancer Center, Houston, Texas 77030, the Graduate Programs in Neuroscience and Experimental

Therapeutics, The University of Texas Graduate School of Biomedical Sciences, Houston, Texas 77225, and the *Department of
Anesthesiology, Tongji Hospital, Tongji Medical College, Wuhan, Hubei 430030, China

opioid-induced hyperalgesia and tolerance.

and tolerance.
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(Bacl(ground: We determined the role of presynaptic N-methyl-p-aspartate receptor (NMDAR) activity in spinal cords in

Results: Chronic opioid increases presynaptic NMDAR activity at primary sensory nerve terminals through protein kinase C.
Conclusion: Increased presynaptic NMDAR activity potentiates nociceptive input and is responsible for opioid hyperalgesia

Significance: Understanding mechanisms of increased NMDAR activity is important for improving opioid therapies.

J

Opioids are the most effective analgesics for the treatment of
moderate to severe pain. However, chronic opioid treatment can
cause both hyperalgesia and analgesic tolerance, which limit
their clinical efficacy. In this study, we determined the role of
pre- and postsynaptic NMDA receptors (NMDARs) in control-
ling increased glutamatergic input in the spinal cord induced by
chronic systemic morphine administration. Whole-cell voltage
clamp recordings of excitatory postsynaptic currents (EPSCs)
were performed on dorsal horn neurons in rat spinal cord slices.
Chronic morphine significantly increased the amplitude of
monosynaptic EPSCs evoked from the dorsal root and the fre-
quency of spontaneous EPSCs, and these changes were largely
attenuated by blocking NMDARs and by inhibiting PKC, but not
PKA. Also, blocking NR2A - or NR2B-containing NMDARSs sig-
nificantly reduced the frequency of spontaneous EPSCs and the
amplitude of evoked EPSCs in morphine-treated rats. Strik-
ingly, morphine treatment largely decreased the amplitude of
evoked NMDAR-EPSCs and NMDAR currents of dorsal horn
neurons elicited by puff NMDA application. The reduction in
postsynaptic NMDAR currents caused by morphine was pre-
vented by resiniferatoxin pretreatment to ablate TRPV1-ex-
pressing primary afferents. Furthermore, intrathecal injection
of the NMDAR antagonist significantly attenuated the develop-
ment of analgesic tolerance and the reduction in nociceptive
thresholds induced by chronic morphine. Collectively, our find-
ings indicate that chronic opioid treatment potentiates presyn-
aptic, but impairs postsynaptic, NMDAR activity in the spinal
cord. PKC-mediated increases in NMDAR activity at nocicep-
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tive primary afferent terminals in the spinal cord contribute
critically to the development of opioid hyperalgesia and analge-
sic tolerance.

Opioid analgesics are the mainstay of treatment for moder-
ate to severe pain caused by cancer or by tissue and nerve injury.
However, long-term administration of w-opioid receptor ago-
nists for chronic pain can lead to analgesic tolerance, which is a
major obstacle to adequate pain relief. Opioid analgesic toler-
ance is a phenomenon in which repeated exposure to an opioid
agonist results in the decreased therapeutic effect of the drug or
the need for a higher dose to maintain the same analgesic effect.
For all u-opioid receptor agonists, analgesic tolerance occurs
with repeated use. The cellular and signaling mechanisms
responsible are poorly understood. The key question is where
and how opioids induce neuroplasticity in the nervous system
that leads to opioid tolerance. This problem has not been ade-
quately studied in the nociceptive circuitry in which native opi-
oid receptors are expressed. NMDA receptors (NMDARs),?
which play an important role in opioid-induced hyperalgesia
and tolerance (1, 2), are located presynaptically on central ter-
minals of primary afferent neurons as well as postsynaptically
on dorsal horn neurons (3, 4). However, it is unclear what roles
these receptors play in the development of opioid analgesic
tolerance.

Many studies have shown that opioids paradoxically elicit
abnormal pain or hyperalgesia (i.e. enhanced pain response to

2The abbreviations used are: NMDAR, N-methyl-p-aspartic acid receptor;
AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
AP5, 2-amino-5-phosphonopentanoic acid; EPSC, excitatory postsynaptic
current; sEPSC, spontaneous excitatory postsynaptic current; NMDAR-
EPSCs, NMDAR-mediated EPSCs; AMPAR-EPSCs, AMPAR-mediated EPSCs;
RTX, resiniferatoxin; TRPV1, transient receptor potential vanilloid type 1;
(R,)-cAMPS, adenosine-3',5'-cyclic monophosphorothioate, R, isomer.
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noxious stimuli). Opioid-induced hyperalgesia has been dem-
onstrated in many animal studies (1, 5—8), and even brief expo-
sure to fentanyl or morphine can induce long-lasting hyperal-
gesia (8, 9). Hyperalgesia also occurs in patients after
administration of various opioids (10-12). The increased pain
sensitivity requires the use of additional opioids to sustain the
adequate analgesic effects and, consequently, could be inter-
preted as analgesic tolerance. The u-opioid receptors at the
spinal level are essential for the analgesic effect of opioids (13).
We recently showed that in spinal lamina I and II neurons, brief
opioid exposure can cause a long-lasting increase in glutamate
release from nociceptive primary afferents (i.e. opioid-induced
primary afferent hyperactivity) through activation of presynap-
tic NMDARs (14). It is not clear, however, how pre- and post-
synaptic NMDARs help regulate glutamatergic synaptic input
to spinal dorsal horn neurons after chronic opioid treatment.
Identifying the origin of NMDAR activity associated with
chronic opioid treatment is critical because it will influence
whether research should focus on primary sensory neurons or
spinal cord second-order neurons to improve the efficacy of
opioid therapies.

In this study, we determined how chronic opioid treatment
affects the function of pre- and postsynaptic NMDARs in the
spinal cord. We provide new evidence showing that presynaptic
NMDAR activity at primary afferent terminals is increased by
chronic morphine and potentiates glutamatergic input to spi-
nal dorsal horn neurons through protein kinase C (PKC). Strik-
ingly, chronic morphine administration leads to a large reduc-
tion in postsynaptic NMDAR activity, which results from
increased glutamate release from transient receptor potential
vanilloid type 1 (TRPV1)-expressing primary afferents. This
new information is important for understanding the mecha-
nisms involved in NMDAR plasticity at the spinal level and
their roles in opioid-induced hyperalgesia and analgesic
tolerance.

EXPERIMENTAL PROCEDURES

Animals and Morphine Treatment—Male Sprague-Dawley
rats (280-320 g; Harlan, Indianapolis, IN) were used in this
study. Opioid hyperalgesia and analgesic tolerance were
induced with daily intraperitoneal injections of morphine (10
mg/kg) for 8 consecutive days (15). Rats in the control group
received daily intraperitoneal injections of the vehicle (saline).
For behavioral experiments with live rats, intrathecal catheters
were implanted during isoflurane-induced anesthesia. Briefly,
each animal was placed prone on a stereotaxic frame, and a
small incision was made at the back of the neck of the animal. A
small puncture was made in the atlantooccipital membrane of
the cisterna magna, and a catheter was then inserted such that
the caudal tip reached the lumbar enlargement of the spinal
cord (13, 15). We then exteriorized the rostral end of the cath-
eter and closed the wound with sutures. The animals were
allowed to recover for 5 days before intrathecal injections, and
rats displaying signs of motor or neurological dysfunction were
excluded from the study. Drugs were injected intrathecally in a
volume of 10 ul followed by a 10-ul flush with normal saline.
All surgical preparation and experimental protocols were
approved by the Animal Care and Use Committee of The Uni-
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versity of Texas M. D. Anderson Cancer Center and conformed
to National Institutes of Health guidelines on the ethical use of
animals.

Behavioral Assessments of Mechanical and Thermal
Nociception—The mechanical nociception of rats was assessed
by the paw pressure test using an Ugo Basile analgesimeter
(Varese, Italy). Noxious pressure was gradually applied to hind
paws by pressing the device pedal to increase the force at a
constant rate. The pedal was immediately released when the
animal displayed pain by withdrawing the paw or vocalizing,
and the nociceptive threshold of the animal was read on the
scale. To avoid potential tissue injury, a maximum of 400 g was
used as a cutoff (15, 16). Both hind paws were tested for each rat,
and the mean value was used as the pressure nociceptive with-
drawal threshold for that animal.

To quantitatively assess the thermal nociceptive threshold,
rats were tested with a thermal testing apparatus (IITC Inc.,
Woodland Hills, CA). The rats were allowed to acclimate for 30
min on a glass surface with the temperature maintained at
30 °C. A mobile radiant heat source was focused onto the plan-
tar surface of the hind paw. The paw withdrawal latency was
recorded using a timer. A cutoff of 30 s was used to prevent
potential tissue damage (15, 16). Both of the hind paws were
tested in each animal, and the mean value was used as the ther-
mal nociceptive withdrawal threshold.

Removal of TRPV1-expressing Dorsal Root Ganglion Neurons
and Their Terminals in Spinal Cords—Originally isolated from
the cactus-like plant Euphorbia resinifera, resiniferatoxin
(RTX) is an ultrapotent TRPV1 agonist (17). Systemic injection
of RTX selectively kills TRPV1-expressing primary afferent
neurons and their central terminals in adult rats (14, 18, 19).
Rats were anesthetized with isoflurane before receiving a single
intraperitoneal injection of RTX (200 ug/kg, LC Laboratories,
Woburn, MA) dissolved in a mixture of 10% ethanol and 10%
Tween 80 in normal saline. Rats in the control group received a
single intraperitoneal injection of the vehicle. Morphine treat-
ment was conducted 7 days after the RTX and vehicle injec-
tions. The effect of RTX on TRPV1-expressing dorsal root gan-
glion neurons and central terminals was confirmed by using
double labeling of TRPV1 and Griffonia simplicifolia isolectin
B4 (IB4, a marker for unmyelinated afferent neurons and fibers)
in the dorsal root ganglion and spinal dorsal horn in rats 7 days
after RTX or vehicle injection, as described previously (13, 19).

Spinal Cord Slice Preparation and Electrophysiological
Recordings—The lumbar segment of the spinal cord was rapidly
removed through laminectomy after the rats were anesthetized
with 2% isoflurane. The lumbar spinal cord tissues were imme-
diately placed in ice-cold sucrose artificial cerebrospinal fluid
containing (in mm) 234 sucrose, 3.6 KCI, 1.2 MgCl,, 2.5 CaCl,,
1.2 NaH,PO,, 25.0 NaHCO,, and 12.0 glucose. The spinal cord
was placed in a gelatin block and glued onto the stage of a
vibratome. Transverse spinal cord slices were cut (400 um in
thickness) in ice-cold sucrose artificial cerebrospinal fluid and
then transferred in Krebs solution presaturated with 95% O,
and 5% CO, at 34 °C for at least 1 h before being transferred to
the recording chamber.

Neurons in the lamina II outer zone were visualized on a
fixed stage microscope (BX50WI; Olympus, Tokyo, Japan) with
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differential interference contrast/infrared illumination. Lam-
ina IT of the spinal cord is the central site of termination of the
majority of unmyelinated C-fibers carrying nociceptive infor-
mation (20-22). Excitatory postsynaptic currents (EPSCs)
were recorded using whole-cell voltage clamp techniques (14,
23). The impedance of the glass electrode was 4—7 M) when
the pipette was filled with the internal solution containing (in
mM) 135 potassium gluconate, 5 KCI, 2.0 MgCl,, 0.5 CaCl,, 5.0
HEPES, 5.0 EGTA, 5.0 ATP-Mg, 0.5 Na-GTP, and 10 QX314
(adjusted to pH 7.25 with 1.0 m CsOH, 280-300 mosm). The
slice was continuously perfused with Krebs solution at 5.0
ml/min at 34 °C. Spontaneous EPSCs (sEPSCs) were recorded
in the presence of 2 um strychnine and 10 um bicuculline at a
holding potential of —60 mV. In addition, EPSCs were evoked
from the dorsal root using a bipolar tungsten electrode con-
nected to a stimulator (0.2 ms, 0.3— 0.5 mA, 0.1 Hz; Grass Instru-
ments, Quincy, MA). NMDAR-mediated EPSCs (NMDAR-
EPSCs) were recorded in the presence of 2 um strychnine, 10
M bicuculline, and 20 um 6-cyano-7-nitroquinoxaline-2,3-di-
one at a holding potential of +40 mV (24). To determine the
paired-pulse ratio, two EPSCs were evoked by a pair of stimuli
given at 50-ms intervals. The paired-pulse ratio was expressed
as the ratio of the amplitudes of the second and first synaptic
responses (14). The input resistance was monitored, and the
recording was abandoned if it changed by more than 15%.
EPSCs were recorded using an amplifier (MultiClamp 7004,
Axon Instruments, Foster City, CA), filtered at 1-2 kHz, and
digitized at 10 kHz.

To directly determine postsynaptic NMDAR activity, cur-
rents were elicited by puff application of 100 um NMDA to the
recorded neuron in the extracellular solution containing a low
concentration of Mg>" (0.1 mm), 10 uM glycine, and 1 uM tetro-
dotoxin at a holding potential of —60 mV and using the pipette
internal solution containing (in mm) 110.0 Cs,SO,, 2.0 MgCl,,
0.1 CaCl,, 1.1 EGTA, 10.0 HEPES, 2.0 MgATP, and 0.3 Na,GTP
(pH was adjusted to 7.25 with 1.0 m CsOH (280 -300 mosm))
(24). Similarly, to examine postsynaptic AMPAR function, cur-
rents were elicited similarly but with 100 um AMPA (25). The
puff electrode was placed about 150 wm away from the neuron
being recorded. Puff application of NMDA or AMPA was per-
formed using a Pressure System Ile (4 p.s.i., 15 ms; Toohey Co.,
Fairfield, NJ). All drugs were freshly prepared in artificial cere-
brospinal fluid before the experiments and delivered via syringe
pumps to reach their final concentrations. Chelerythrine,
NMDA, and AMPA were purchased from Sigma-Aldrich. (R)-
cAMPS was obtained from Tocris. Ro 25-6981, AP5, 6-cyano-
7-nitroquinoxaline-2,3-dione, bicuculline, and tetrodotoxin
were purchased from Ascent Scientific.

Data Analysis—All data are expressed as means = S.E. To
determine the amplitude of the evoked EPSCs, at least 10 con-
secutive EPSCs were averaged and analyzed off-line with
Clampfit 10.0 software. sSEPSCs were analyzed off-line using the
Mini Analysis peak detection program (Synaptosoft, Leonia,
NJ). The cumulative probability of the amplitude and the inter-
event interval of the sEPSCs were compared using the Kolm-
ogorov-Smirnov test, which estimates the probability that two
distributions are similar. We used Student’s ¢ test to compare
two groups and one-way analysis of variance followed by Dun-
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nett’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 hyper-
algesia and opioid tolerance between the vehicle-treated and
AP5-treated groups. A p value of < 0.05 was considered to be
statistically significant.

RESULTS

Chronic Morphine Increases Glutamatergic Input to Dorsal
Horn Neurons through Presynaptic NMDAR Activation—We
previously showed that brief exposure to the u-opioid receptor
agonist (D-Ala®, N-Me-Phe* Gly-ol°)-enkephalin increases
glutamatergic input to dorsal horn neurons (14). To determine
the effect of chronic morphine treatment on glutamatergic
input to dorsal horn neurons, we recorded sEPSCs in the spinal
cord slices from vehicle- and morphine-treated rats. The fre-
quency of sEPSCs of lamina II neurons was significantly higher
in the morphine-treated group (# = 11 neurons) than in the
vehicle-treated group (n = 13 neurons), but the difference in
the amplitude of SEPSCs was not significantly different (Fig. 1,
A-C).

To determine the role of NMDARSs in the control of gluta-
matergic input to dorsal horn neurons, we tested the effect of
AP5, a selective NMDAR antagonist (26), on SEPSCs. We have
shown that 50 um AP5 completely blocks NMDAR-mediated
EPSCs (24). Bath application of 50 um AP5 significantly
decreased the frequency, but not the amplitude, of sEPSCs of
lamina II neurons in the same morphine-treated rats (n = 11
neurons, Fig. 1, B and C). However, AP5 application had no
significant effects on the frequency and amplitude of SEPSCs of
lamina I neurons in vehicle-treated rats (# = 13 neurons, Fig. 1,
Aand C).

To determine the role of presynaptic NMDARSs in glutama-
tergic input increased by morphine treatment, we recorded
SsEPSCs in separate lamina II neurons by including the NMDAR
channel blocker MK-801 in the pipette solution to block the
postsynaptic NMDARs. We have shown that intracellular dial-
ysis of 1 mm MK-801 completely blocked the postsynaptic
NMDARs within 15 min (14). In all 11 neurons recorded
with MK-801, AP5 still significantly reduced the frequency of
sEPSCs in morphine-treated rats (p < 0.05, Fig. 1D). These
results suggest that chronic morphine increases glutamatergic
input to spinal dorsal horn neurons by enhancing presynaptic
NMDAR activity.

Chronic Morphine Increases NMDAR Activity at Primary
Alfferents in the Spinal Cord—To determine whether NMDARs
at primary afferent terminals play a role in increased glutamate
release to spinal dorsal horn neurons, monosynaptic EPSCs
were evoked from the dorsal root in vehicle- and morphine-
treated rats. These EPSCs were identified on the basis of the
constant latency and absence of conduction failure of evoked
EPSCs in response to a 20-Hz electrical stimulation, as we
described previously (14, 27). In this protocol, we used a fixed
stimulation intensity to evoke AMPAR-EPSCs in vehicle-
treated and morphine-treated rats. The amplitude of AMPAR-
EPSCs of lamina II neurons was significantly higher in mor-
phine-treated rats than in vehicle-treated rats (# = 9 neurons,
Fig. 2, A and B). Bath application of 50 um AP5 significantly
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FIGURE 1. Chronic morphine increases glutamatergic input and presynaptic NMDAR activity in the spinal cord. A, original recording traces and cumulative
plots show the effect of bath application of 50 um AP5 on the frequency and amplitude of SEPSCs of a lamina Il neuron from a vehicle-treated rat. B, original recordings
and cumulative plots show the effect of 50 um AP5 on sEPSCs of a lamina Il neuron from a morphine-treated rat. C, summary data of the effect of 50 um AP5 on the mean
frequency and amplitude of sEPSCs in vehicle-treated (n = 13 neurons) and morphine-treated (n = 11 neurons) rats. D, group data of the effects of 50 um AP5 on the
mean frequency and amplitude of SEPSCs, recorded with 1 mm MK-801 included in the pipette solution, in morphine-treated rats (n = 11 neurons).*, p < 0.05 when
compared with respective base-line controls. #, p < 0.05 when compared with base-line controls in vehicle-treated group.

reduced the amplitude of monosynaptic EPSCs of lamina II morphine-treated rats was associated with a decrease in the
neurons in morphine-treated rats (n = 11 neurons, Fig. 2, Aand  paired-pulse ratio (Fig. 2C). However, AP5 had no significant
B). Also, the effect of AP5 on evoked monosynaptic EPSCs of  effect on the amplitude of monosynaptic EPSCs of lamina II
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FIGURE 2. Potentiation of glutamatergic input to spinal dorsal horn neu-
rons through increased activity of NMDARs at primary afferent termi-
nals by chronic morphine. A, original recordings show the effect of 50 um
AP5 on monosynaptic AMPAR-EPSCs of the lamina Il neuron evoked from
the dorsal root in a vehicle-treated and a morphine-treated rat (recorded
with and without 1 mm MK-801 in the pipette solution). B, group data show
the effect of 50 um AP5 on the mean amplitude of evoked AMPAR-EPSCs of
lamina Il neurons in vehicle-treated (n = 9 neurons) as well as morphine-
treated rats recorded without MK-801 (n = 11 neurons) or with MK-801
(n = 9 neurons). C, AP5-produced inhibition of the EPSC amplitude in
morphine-treated rats was associated with a decreased paired-pulse ratio
(n = 11 neurons). *, p < 0.05 when compared with respective base-line
controls. #, p < 0.05 when compared with base-line controls in vehicle-
treated group.
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neurons recorded from vehicle-treated rats (# = 14 neurons,
Fig. 2, A and B).

In another nine lamina II neurons from morphine-treated
rats, 1 mm MK-801 was included in the internal pipette solution
and dialyzed for 15 min to block postsynaptic NMDARs before
EPSCs were recorded. In all nine neurons, bath application of
50 uMm APS5 still significantly reduced the amplitude of mono-
synaptic AMPAR-EPSCs evoked from the dorsal root (Fig. 2, A
and B). Taken together, these results indicate that chronic mor-
phine increases presynaptic NMDAR activity at primary affer-
ent terminals in the spinal cord.

PKC, but Not PKA, Mediates the Increase in Presynaptic
NMDAR Activity in the Spinal Cord by Chronic Morphine—
Chronic opioid treatment results in significant increases in
adenylyl cyclase activity and in basal levels of cAMP in the cen-
tral nervous system (28, 29). To determine whether cAMP-de-
pendent PKA is involved in increased presynaptic NMDAR
activity by chronic morphine, we used (R,)-cAMPS, a highly
selective and membrane-permeable PKA inhibitor. (Rp)—
cAMPS competes with cAMP for the binding sites on the reg-
ulatory subunit of PKA and, when bound, prevents release of
the free catalytic subunit (30). It has been shown that 100 um
(R,)-cAMPS inhibits PKA activity in brain slices (31). Incuba-
tion with 100 pum (R,)-cAMPS in the spinal cord slices from
morphine-treated rats for 1-2 h had no significant effect on the
base-line frequency of sEPSCs (# = 11 neurons) or the ampli-
tude of monosynaptic EPSCs (n = 12 neurons) of lamina II
neurons evoked from the dorsal root (Fig. 3, A and C). Further-
more, bath application of 50 um AP5 still significantly inhibited
the frequency of SEPSCs and the amplitude of evoked EPSCs in
all lamina II neurons tested in the spinal cord slices treated with
(R,)-cAMPS (Fig. 3, B and D).

Intrathecal administration of PKC inhibitors can reverse or
attenuate opioid tolerance induced by chronic morphine
administration (32). Increased PKC activity can promote
NMDAR surface expression and regulate the channel gating
(33, 34). We thus determined whether PKC plays a role in
increased presynaptic NMDAR activity in the spinal cord by
chronic morphine treatment. Chelerythrine is a membrane-
permeant inhibitor of the catalytic site of PKC (35). It has been
shown that 10 um chelerythrine inhibits PKC activity in brain
slices (36). Incubation for 1-2 h with 10 um chelerythrine, a
specific PKC inhibitor, in the spinal cord slices from morphine-
treated rats largely reduced the base-line frequency of sEPSCs
(n = 10 neurons) and the amplitude of monosynaptic EPSCs
(n = 12 neurons) of lamina II neurons evoked from the dorsal
root (Fig. 4, A-D). In those neurons, additional treatment with
50 um APS5 failed to significantly affect the frequency of sSEPSCs
and the amplitude of evoked EPSCs (Fig. 4, A-D). Thus, our
data indicate that PKC plays a critical role in increased presyn-
aptic NMDAR activity in the spinal cord caused by chronic
opioid treatment.

Presynaptic NR2A and NR2B Subunits Contribute to
Increased Synaptic Glutamatergic Input Induced by Chronic
Morphine—NMDAR is a heteromeric complex composed of
the NR1 subunit and at least one of the NR2 subunits (37, 38).
To determine the role of NR2A and NR2B subunits in the
increased glutamate release to dorsal horn neurons induced by
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FIGURE 3. Lack of a role of PKA in glutamatergic input to spinal dorsal horn neurons increased by chronic morphine. A, original recordings and
cumulative plots show the effect of 50 um AP5 on the frequency and amplitude of SEPSCs of a lamina Il neuron from a spinal cord slice pretreated with 100 um
(R,)-cAMPS in one morphine-treated rat. B, original traces show the effect of 50 um AP5 on the amplitude of monosynaptic EPSCs of the lamina Il neuron from
a spinal cord slice pretreated with (R,)-cCAMPS in a morphine-treated rat. C and D, summary data of the effect of 50 um AP5 on the mean frequency and
amplitude of sEPSCs (n = 11 neurons) and the amplitude of evoked EPSCs (n = 12 neurons) in spinal cord slices pretreated with (R,)-cAMPS in morphine-

treated rats. ¥, p < 0.05 when compared with respective base-line controls.

chronic morphine injections, we used 0.6 um Ro 25-6981, a
highly specific NR2B-containing NMDAR antagonist (39), as
well as a low concentration of AP5 (5 um), which preferentially
blocks NR2A-containing NMDARs at this level (40). At 0.1 um,
Ro 25-6981 blocks ~90% of NR2B-mediated NMDA currents
(39). Previous studies have demonstrated that bath application
of 0.3-0.6 um Ro 25-6981 maximally blocks NR2B-containing
NMDAR-EPSCs in brain slices (41, 42). Highly specific blockers
for NR2A-containing NMDARs are not available at the present
time. Ro 25-6981 significantly decreased the frequency of
SsEPSCs of lamina II neurons in morphine-treated rats (n = 14
neurons, Fig. 5, A and C). In these neurons, treatment with 5 um
APS5 again significantly reduced the frequency of sEPSCs. Nei-
ther Ro 25-6981 nor 5 um AP5 had a significant effect on the
amplitude of sEPSCs of lamina II neurons (Fig. 5, A and C).
We also determined the role of NR2A and NR2B subunits at
primary afferent terminals in controlling increased glutamater-
gic input to dorsal horn neurons induced by chronic morphine
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treatment. Monosynaptic AMPAR-EPSCs were evoked from
the dorsal root in morphine-treated rats. Bath application of 0.6
M Ro 25-6981 significantly inhibited the amplitude of mono-
synaptic EPSCs of 11 lamina II neurons in the morphine-
treated rats. Further blocking NR2A with 5 um AP5 also signif-
icantly decreased the amplitude of EPSCs of these neurons (Fig.
5, B and D). These results suggest that chronic morphine
increases glutamate release via presynaptic NR2A and NR2B
subunit-containing NMDARSs in the spinal cord.

Chronic Morphine Decreases Postsynaptic NMDAR Currents
of Dorsal Horn Neurons—Next, we determined whether chronic
morphine alters the postsynaptic NMDAR function in the spinal
dorsal horn. We first recorded NMDAR-mediated EPSCs of lam-
ina II neurons monosynaptically evoked from the dorsal root stim-
ulation in vehicle-treated and morphine-treated rats. In this pro-
tocol, we adjusted the stimulation intensity so that the amplitude
of AMPAR-EPSCs was the same in both sets of rats. We unexpect-
edly observed that the amplitude of NMDAR-EPSCs and the ratio
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of NMDAR-EPSCs to AMPAR-EPSCs of lamina II neurons were
significantly reduced in the morphine-treated rats (n = 14 neu-
rons) when compared with those of vehicle-treated rats (n = 16
neurons, Fig. 6, A and B).

We then examined the postsynaptic NMDAR currents elic-
ited by direct puff application of 100 um NMDA to lamina II
neurons. The amplitude of the inward NMDAR currents of all
lamina II neurons was significantly smaller in morphine-
treated (# = 11 neurons) than in vehicle-treated rats (n = 14
neurons, p < 0.05; Fig. 6, Cand D). In contrast, the amplitude of
AMPAR currents elicited by puffapplication of 100 um AMPA did
not differ significantly between vehicle-treated (# = 20 neurons)
and morphine-treated rats (n = 22 neurons, Fig. 6, Cand D). These
data indicate that chronic opioid treatment diminishes the post-
synaptic NMDAR function of spinal dorsal horn neurons.

TRPV1-expressing Primary Afferents Are Critical for the
Chronic Morphine-induced Reduction of Postsynaptic NMIDAR
Function in the Spinal Cord—Because of our unexpected find-
ing that chronic morphine causes a large reduction in postsyn-
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aptic NMDAR activity in the spinal dorsal horn, we explored
the mechanism for this phenomenon. We previously showed
that brief opioid application followed by washout increases glu-
tamate release from TRPVI1-expressing primary afferents
(14). Thus, we assessed whether persistent release of glutamate
from these afferents induced by repeated morphine injections
contributes to the reduction in postsynaptic NMDAR currents
in the spinal cord. Immunocytochemical analysis confirmed
that systemic RTX treatment of rats eliminated TRPV1-ex-
pressing dorsal root ganglion neurons and their central termi-
nals in the spinal dorsal horn (supplemental Fig. 1), similar to
the findings we reported previously (14, 15).

In the vehicle-treated rats, chronic morphine treatment signif-
icantly decreased the amplitude of NMDAR-EPSCs and the ratio
of NMDAR-EPSCs to AMPAR-EPSCs of lamina II neurons (n =
14, Fig. 7, A and B). In contrast, these changes were largely pre-
vented in RTX-treated rats (n = 21 neurons, Fig. 7, A and B).

To further determine the role of TRPV1-expressing primary
afferents in the reduction in postsynaptic NMDAR function
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induced by morphine, NMDAR currents were elicited by puff
100 um NMDA directly to the dorsal horn neurons. The mor-
phine-induced reduction in the amplitude of NMDAR currents
of lamina II neurons in vehicle-treated rats (# = 11 neurons)
was abolished in RTX-treated rats (# = 16 neurons, Fig. 7, C
and D). Taken together, these results suggest that increased
glutamate release from TRPV1-expressing primary afferents by
chronic morphine is responsible for the diminished postsynap-
tic NMDAR activity of dorsal horn neurons.

Blocking Spinal NMDARs Attenuates the Development of
Opioid Tolerance and Hyperalgesia—It has been shown that
systemic administration of NMDAR antagonists attenuates
opioid analgesic tolerance (2, 8). The results from our current
study indicate that increased presynaptic NMDAR activity by
chronic morphine increases glutamate release to spinal dorsal
horn neurons, a mechanism that plays a major role in both
hyperalgesia and analgesia tolerance induced by opioids. We
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AMPAR-EPSCs of lamina Il neurons in vehicle-treated (n = 16 neurons) and
morphine-treated (n = 14 neurons) rats. C, original recordings show the
inward NMDAR and AMPAR currents of the lamina Il neuron elicited by puff
application of NMDA and AMPA in a vehicle-treated and a morphine-treated
rat. D, summary data show the difference in the mean amplitude of NMDAR
(vehicle, n = 14; morphine, n = 11) and AMPAR (vehicle, n = 20; morphine,
n = 22) currents of lamina Il neurons in vehicle-treated and morphine-treated
rats. *, p < 0.05 when compared with the value in vehicle controls.

therefore assessed the role of NMDARSs at the spinal level in the
development of both hyperalgesia and tolerance produced by
systemic morphine administration. Morphine tolerance was
induced by daily intraperitoneal injection of morphine (10
mg/kg) in rats for 8 consecutive days. AP5 (20 ug) or vehicle was
also injected daily for 8 consecutive days through the intrathe-
cal catheter in morphine-treated rats. To test the analgesic
effect of morphine, we first injected 5 mg/kg of morphine intra-
peritoneally and measured the time course of its effect on the
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FIGURE 7. Ablation of TRPV1-expressing primary afferents blocks the
reduction in postsynaptic NMDAR activity in the spinal dorsal horn
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group data show the effect of chronic morphine on the mean amplitude of
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AMPAR-EPSCs in vehicle-treated (n = 14 neurons) and RTX-treated (n = 21
neurons) rats. Data from control rats not treated with morphine (n = 16 neu-
rons) were included for comparison. C, original traces show the effect of
chronic morphine on NMDAR currents elicited by puff application of 100 um
NMDA to a lamina Il neuron in a vehicle-treated rat and an RTX-treated rat. D,
group data show the effect of morphine on the mean amplitude of puff-
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paw withdrawal threshold in response to application of the
noxious pressure and thermal stimulus. To assess the role of
NMDARs at the spinal level in the development of morphine
analgesic tolerance, we injected 10 ug of AP5 or vehicle 5 min
before morphine administration. Nociceptive testing was per-
formed before and 30 min after morphine injection. The
remaining 10 ug of AP5 or vehicle was then injected intrathe-
cally along with another dose of morphine (5 mg/kg, intraperi-
toneal) 2 h after the behavioral test each day.

For the group of rats injected with vehicle only, daily intra-
peritoneal injection of morphine gradually attenuated the anti-
nociceptive effect of morphine on the paw withdrawal thresh-
old in response to application of noxious pressure or thermal
stimuli. Within 5 days of morphine treatment, acute injection
of morphine (5 mg/kg, intraperitoneal) failed to produce a sig-
nificant effect on the paw withdrawal threshold in vehicle-
treated rats (n = 9 rats, Fig. 8, A and B). In contrast, the antino-
ciceptive effect of morphine on the withdrawal threshold was
gradually reduced but largely sustained in AP5-treated rats dur-
ing the 8-day period of morphine treatment (n = 9 rats, Fig. 8, A
and B). Even on the last day of treatment, morphine (10 mg/kg,
intraperitoneal) still significantly increased the paw withdrawal
threshold in the AP5 group.

The base-line paw withdrawal thresholds of vehicle-treated
rats in response to the noxious pressure and thermal stimuli,
measured 30 min before morphine injection each day, were
significantly reduced within 4 days of morphine treatment (n =
9 rats, Fig. 8). However, the base-line paw withdrawal thresh-
olds of AP5-treated rats were not significantly altered during
the 8 days of morphine administration (n = 9 rats, Fig. 8, A and
B). Even at day 8, the base-line withdrawal threshold in the AP5
group was similar to that measured before the start of morphine
treatment. Therefore, these results suggest that increased
NMDAR activity at the spinal level plays a critical role in the
development of both hyperalgesia and analgesic tolerance
induced by systemic opioid administration.

DISCUSSION

Our knowledge of the mechanisms underlying opioid-in-
duced hyperalgesia and tolerance is still fragmentary. Opioid-
induced hyperalgesia and tolerance may occur via a similar
mechanism. For example, repeated morphine injections into
rats progressively reduce the nociceptive threshold of the ani-
mals, which occurs in parallel with the development of toler-
ance (15). Also, many agents that can reduce opioid-induced
hyperalgesia, such as PKC inhibitors (1, 32) and NMDAR
antagonists (1, 7, 43), attenuate opioid analgesic tolerance as
well. Some evidence suggests a link between opioid-induced
hyperalgesia and tolerance (44, 45), but the unifying cellular
and molecular mechanisms for these two important phenom-
ena remain unknown. Interestingly, brief application of
(D-Ala? N-Me-Phe?, Gly-ol5)-enkephalin, a potent and short-
acting p-opioid receptor agonist, induces a prolonged increase
in glutamatergic input to lamina I and II neurons, which is
mediated by presynaptic NMDARs (14). We used spinal cord
slices for this study because they preserve the intrinsic connec-
tion between primary afferents and second-order sensory neu-
rons in the spinal cord and express native p-opioid receptors.
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FIGURE 8. Blocking NMDARs at the spinal level attenuates the development of hyperalgesia and analgesic tolerance caused by chronic morphine. A,
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Whole-cell voltage clamp recording in spinal cord slices is a
powerful approach because it allows measurement of the syn-
aptic release of glutamate at the cellular level in real time
through recordings of the glutamatergic EPSCs in dorsal horn
neurons. We found that chronic morphine treatment signifi-
cantly increased the frequency of sSEPSCs of dorsal horn neu-
rons as well as the amplitude of monosynaptic EPSCs of dorsal
horn neurons evoked from the dorsal root. Our findings suggest
that a persistent increase in glutamate release from nociceptive
primary afferents induced by repeated morphine treatment is
likely a common mechanism shared by opioid-induced hyper-
algesia and analgesic tolerance. Therefore, the concurrent
development of hyperalgesia could counteract the opioid anal-
gesic effect, producing an effect that mimics tolerance.

A salient finding of our study is that chronic opioid treatment
increases presynaptic NMDAR activity in the spinal dorsal
horn. We found that blocking NMDARs with the selective
NMDAR antagonist AP5 significantly reduced the frequency,
but not the amplitude, of sEPSCs of dorsal horn neurons in
morphine-treated rats. AP5 also significantly inhibited the
amplitude of monosynaptic EPSCs evoked from the dorsal root
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in morphine-treated rats; however, it had no significant effect
on the frequency of sEPSCs or the amplitude of evoked EPSCs
in vehicle-treated rats. Additional evidence for the involvement
of presynaptic NMDARSs is provided by our observations that
AP5 reduced the paired-pulse ratio of evoked EPSCs and that
blocking postsynaptic NMDAR channels with the receptor
channel blocker MK-801 did not alter the inhibitory effects of
AP5 on sEPSCs and evoked EPSCs of lamina II neurons in mor-
phine-treated rats. Increased presynaptic NMDAR activity has
been shown in the spinal cord of neonatal rats after chronic
morphine exposure (43). Our findings collectively indicate that
increased NMDAR activity at the primary afferent terminals
plays a critical role in augmented glutamatergic input to spinal
dorsal horn neurons by chronic morphine.

The precise signaling mechanisms responsible for increased
NMDAR activity at primary afferents after chronic stimulation
of the w-opioid receptors are not fully known. In this study, we
found that inhibition of PKC completely normalized the
increase in the frequency of sEPSCs in morphine-treated rats,
suggesting that this protein kinase plays an essential role in
morphine-induced increases in presynaptic NMDAR activity in
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the spinal cord. In contrast, inhibiting PKA had no significant
effect on morphine-induced increases in the frequency of sEP-
SCs of dorsal horn neurons. Opioid treatment can cause trans-
location of PKC to the plasma membrane (46, 47) and PKC
activation (48). Increased PKC activity could potentiate presyn-
aptic NMDAR function by reducing the Mg>" block of
NMDARs and promoting NMDAR trafficking to the plasma
membrane (33, 34).

NMDARs are mainly composed of NR1, NR2A, and NR2B
subunits in the spinal cord (49, 50). We found that blocking
NR2B-containing NMDARs with Ro 25-6981 and NR2A-con-
taining NMDARs with a low concentration of AP5 significantly
reduced the frequency of sEPSCs in morphine-treated rats.
Similarly, both Ro 25-6981 and a low concentration of AP5
significantly reduced the amplitude of monosynaptic EPSCs of
lamina II neurons evoked from the dorsal root in morphine-
treated rats. Triheteromeric NMDARs containing NR1/NR2A/
NR2B subunits exist in neurons (51). Thus, it is possible that at
least some presynaptic NMDARs in the spinal cord may con-
tain both NR2A and NR2B subunits. Our findings indicate that
increased synaptic glutamate release in the spinal cord by
chronic morphine is mediated by NR2A - and NR2B-containing
NMDARSs on primary afferent terminals.

We were surprised to find that the postsynaptic NMDAR
activity in the spinal cord is profoundly reduced by chronic
morphine treatment. In this regard, the amplitudes of
NMDAR-EPSCs and postsynaptic NMDAR currents of dorsal
horn neurons elicited by puff NMDA application were signifi-
cantly decreased in chronic morphine-treated rats. Another
interesting finding of our study is that removal of TRPV1-ex-
pressing primary afferents by RTX prevented these decreases.
These results suggest that the reduction in the postsynaptic
NMDAR function induced by morphine is an adaptive response
secondary to the increase in presynaptic glutamate release from
TRPV1-expressing primary afferents. Ablation of TRPV1-ex-
pressing primary afferents by RTX also completely abolished
the increase in glutamatergic input to lamina I and II neurons
after brief opioid exposure (14). Hence, the decreased postsyn-
aptic NMDAR function by morphine results from persistent
glutamate release from TRPV1-expressing primary afferent
terminals in the spinal cord. Our findings provide further evi-
dence that TRPV1-expressing primary afferents counteract the
analgesic effect of opioids and that opioid-induced hyperalgesia
originates from the hyperactivity of nociceptive primary affer-
ents. It is not yet clear how increased glutamate release from
these primary afferents leads to the reduction in postsynaptic
NMDAR activity in the spinal dorsal horn. It has been shown
that NMDARSs are subject to agonist-induced internalization
through clathrin-mediated endocytosis (52, 53). Also, persis-
tent glutamate release may activate the calcium-dependent
protease calpain, which can lead to the cleavage of postsynaptic
NMDARSs (54, 55). Furthermore, glutamate release augmented
by chronic morphine treatment may increase calcineurin activ-
ity to down-regulate postsynaptic NMDARs (56).

In addition, we demonstrated in this study that NMDARs at
the spinal level contribute to the development of both hyperal-
gesia and analgesic tolerance induced by chronic morphine
treatment. We found that the analgesic effect of this treatment
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FIGURE 9. Diagram depicting the mechanisms involved in changes in pre-
and postsynaptic NMDARs in the spinal cord and hyperalgesia and tol-
erance induced by chronic opioid treatment. Chronic stimulation of p-opi-
oid receptors leads to increased PKC activity, which augments the activity of
NR2A- and NR2B-containing NMDARs present on TRPV1-expressing primary
afferent terminals in the spinal cord. This increased activity of presynaptic
NMDARs (primary afferent hyperactivity) potentiates synaptic glutamate
release and nociceptive input to spinal dorsal horn neurons, and conse-
quently, causes hyperalgesia and opioid tolerance. In contrast, the postsyn-
aptic NMDARs in the spinal dorsal horn are down-regulated in response to
increased synaptic glutamate release from TRPV1-expressing primary affer-
ents after chronic opioid treatment.

was largely preserved in rats treated with intrathecal injections
of AP5. Also, intrathecal AP5 treatment prevented the reduc-
tion in the base-line paw withdrawal thresholds caused by
repeated morphine injections. Our data suggest that increased
presynaptic NMDAR activity and enhanced glutamatergic
input in the spinal cord, induced by chronic opioid treatment,
are important for both opioid-induced hyperalgesia and opi-
oid-induced tolerance. Consistent with the critical role of pre-
synaptic NMDARs on primary afferents in the development of
opioid tolerance, we have previously shown that the duration of
the opioid analgesic effect is profoundly increased and that the
development of opioid analgesic tolerance is attenuated in
RTX-treated rats (15, 18). It is notable that blocking of the
NMDARSs at the spinal level completely blocked hyperalgesia
but only partially attenuated the analgesic tolerance produced
by systemic administration of morphine. It is possible that
other mechanisms such as reduced function of u-opioid recep-
tors on primary afferent terminals (15) also contribute to the
development of opioid tolerance.

In summary, our study provides important new evidence that
chronic opioid treatment increases presynaptic NMDAR activ-
ity, but suppresses postsynaptic NMDAR function, in the spinal
cord. PKC-mediated increases in presynaptic NMDAR activity
contribute to increased glutamatergic input from primary
afferents and to opioid-induced hyperalgesia and analgesic
tolerance (Fig. 9). Opioid-induced NMDAR hyperactivity at
primary afferents is critically involved in this hyperalgesia and
tolerance. The pivotal role of presynaptic NMDARs on TRPV1-
expressing primary afferents in opioid-induced hyperalgesia
and analgesic tolerance is not well recognized; this subpopula-
tion of primary sensory neurons could be targeted to reduce or
prevent hyperalgesia and tolerance caused by chronic opioid
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treatment. This new information is important to our under-
standing of the underlying mechanisms of opioid-induced
hyperalgesia and analgesic tolerance and suggests new strate-
gies to improve the efficacy of opioids in treating various pain-
ful conditions.
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