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Primary Afferent NMDA Receptors Increase Dorsal Horn
Excitation and Mediate Opiate Tolerance in Neonatal Rats

Jinsong Zeng,' Lisa M. Thomson,' Sue A. Aicher,? and Gregory W. Terman!
'Department of Anesthesiology and the Graduate Program in Neurobiology and Behavior, University of Washington School of Medicine, Seattle,
Washington 98195, and ?Neurological Sciences Institute, Oregon Health & Science University, Beaverton, Oregon 97006

Repeated exposure to opiates produces analgesic tolerance, which limits their clinical usefulness. Whole-cell voltage-clamped lamina I
cells in spinal slices from opiate-tolerant neonatal rats show an increase in miniature, spontaneous, and primary afferent-evoked EPSCs
when compared with lamina I cells from opiate-naive rat spinal slices. This increased excitation can be blocked by the NMDA receptor
(NMDAR) antagonist APV, apparently acting at NMDARs on primary afferents. Consistent with these results, electron microscopy
demonstrates an increased incidence of NMDARSs in substance P-containing spinal dorsal horn primary afferent terminals in opiate-
tolerant rats. Moreover, superfusion of spinal slices from opiate-tolerant rats with NMDA produces a reversible increase in miniature
EPSC (mEPSC) frequency in contrast to a decrease in mEPSC frequency produced by NMDA in opiate-naive slices. Finally, NMDAR
antagonists inhibit the expression of opiate tolerance both in inhibiting EPSCs in spinal slices and in inhibiting behavioral nociceptive
responses to heat.

NMDAR antagonists have been reported in many studies to inhibit morphine analgesic tolerance. Our studies suggest that an increase
in primary afferent NMDAR expression and activity mediates a hypersensitivity to noxious stimuli and causes the inhibition of opiate

efficacy, which defines tolerance.
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Introduction
For thousands of years opiates have been the gold standard for
treatment of severe pain. Unfortunately, prolonged or repeated
opiate exposure often produces a tolerance to their effects such
that more and more drug is necessary to produce the same pain
relief. The mechanisms mediating opiate tolerance are multifac-
eted, including both pharmacological and physiological adapta-
tions (Hsu and Wong, 2000; Liu and Anand, 2001). For example,
like other G-protein-coupled receptors, opiate receptors recon-
stituted in expression systems show a reduction in agonist effect
with prolonged agonist exposure with phosphorylation by
G-protein-coupled receptor kinases (GRKs) (Ferguson et al.,
1996; Kovoor et al., 1997; Yu et al., 1997; Lowe et al., 2002). We
recently have implicated GRKs in mediating tolerance to the be-
havioral and electrophysiological effects of the highly efficacious
opiate fentanyl (Terman et al., 2004), but not to the same effects
of another opiate, morphine (cf. Bohn et al., 2000). This points to
a redundancy of mechanisms mediating opiate tolerance.
Indeed, numerous other mechanisms of opiate tolerance have
been reported. Many of these can be described as compensatory
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(or opponent) processes (Harrison et al., 1998; Hsu and Wong,
2000). For instance, evidence from a number of laboratories
(Proudfit and Hammond, 1981; Woolf, 1981; Mao et al., 1995;
Laulin et al., 1999; Vanderah et al., 2001) suggests that analgesic
tolerance to w-opiate agonists is mediated predominantly not by
changes in opiate receptor function but by the development of a
decreased pain threshold with repeated opiate exposure, some-
times called opiate-induced hyperalgesia (Vanderah et al., 2001).
Activity-dependent synaptic plasticity throughout the nervous
system (Lopes da Silva et al., 1992; Dobkin, 1993; Hawkins et al.,
1993), including hypersensitivity in pain-processing systems
(Coderre et al., 1993) and, in particular, opiate-induced hyperal-
gesia (Manning et al., 1996), has been linked to NMDA-type
glutamate receptor (NMDAR) activity. NMDAR antagonists
have been reported to inhibit the development or expression of
opiate tolerance in >50 studies. It is possible that the inhibition
of opiate tolerance by NMDAR antagonists is attributable to the
inhibition of opiate-induced hyperalgesia.

To test this hypothesis, we began by developing an in vivo
model of opiate analgesic tolerance in the neonatal rat by using
repeated injections of escalating doses of morphine (Zhu and
Barr, 2003). After demonstrating opiate analgesic tolerance in a
heat-induced paw withdrawal test, we began to compare electro-
physiological responses in slices of the spinal cord taken from
opiate-tolerant rats with those in slices from opiate-naive rats.
Whole-cell voltage-clamped cells in lamina I of the dorsal horn of
spinal slices from opiate-tolerant rats showed significantly less
u-opiate-induced inhibition of evoked and spontaneous excita-
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tory responses than lamina I cells in opiate-naive slices (Eastman
and Terman, 2001) (C. Eastman and G. W. Terman, unpublished
observations). The current studies were prompted by our initial
impressions that lamina I neurons from opiate-tolerant rats
showed more spontaneous excitation than lamina I cells from
opiate-naive rats.

Materials and Methods

Animals. Sprague Dawley time-mated dams were purchased (Taconic,
Germantown, NY) and gave birth in our animal care facility. Veterinary
care was provided by the Department of Comparative Medicine, fully
accredited by the Association for Assessment and Accreditation of Lab-
oratory Animal Care and licensed by the United States Department of
Agriculture for rat care. Studies were performed when rat pups were
12-17 d of age. All studies were in accordance with the guidelines for
animal research published by the International Association for the Study
of Pain and the Society for Neuroscience and were in compliance with the
regulations of the Institutional Animal Care and Use Committee
(IACUC) at the University of Washington. All anatomy studies were
performed at the Oregon Health & Science University. Morphine toler-
ance induction was performed at the University of Washington, and the
animals were shipped from Seattle, WA to Portland, OR for perfusion
and processing as approved by the Oregon Health & Science University
IACUC.

Opiate tolerance protocol. Opiate analgesic tolerance was induced with
six twice-daily (morning and evening) subcutaneous injections of mor-
phine (15, 30, and 45 mg/kg on days 1, 2, and 3, respectively). All exper-
iments were conducted 16—40 h after completion of the injection
regimen.

Nociceptive testing. Hindpaw withdrawal from heat was assessed by
placing rat pups (14-15 d old) in a Plexiglas chamber with a movable
heat source aimed from beneath the chamber at the subject’s hindpaw.
Light intensity was adjusted to yield baseline withdrawal latencies of 4—5
s, with a 15 s upper limit of heat exposure imposed to avoid tissue dam-
age. Baseline testing included five paw withdrawal trials (given at 1 min
intervals), with the mean of the last three trials defining the baseline
value. After the drug injections each animal was tested at 30 min intervals
with three paw withdrawal trials (again at 1 min intervals), with the mean
of the three trials defining the latency for that session. Pups were returned
to their home cages between testing sessions.

Behavioral data analysis. ANOVA was used to compare the behavioral
data sets statistically. Group by trial two-way ANOVAs, with one re-
peated measure, were performed for baseline and postdrug measure-
ments. The Newman—Keuls test was used for appropriate post hoc com-
parisons of between-group differences at any one time point. An « value
of p < 0.05 was used to indicate significant differences.

Spinal slice preparation. Methods in preparing viable spinal slices were
adapted from the methods of Berger and Takahashi (1990) as previously
described (Terman et al., 2001). Briefly, a laminectomy was performed in
young rats (12—17 d old) anesthetized with halothane. Animals then were
decapitated, and the spinal cord was removed and bathed in an ice-cold
dissecting buffer (previously bubbled with 95%0,/5% CO, for at least
1 h). The isolated spinal cord was placed in a small Petri dish, embedded
in low-melting-point agar [2%, w/v in modified artificial CSF (aCSF)
containing the following (in mwm): 113 NaCl, 3 KCI, 1 NaH,PO,, 25
NaHCO;, 11 glucose, 2 CaCl,, 2 MgCl, ], and cooled to 34°C. A block of
agar containing the lower lumbar cord (L4-L6) was cut out and glued to
the cutting chamber of a vibratome with cyanoacrylate glue. The cham-
ber was filled with ice-cold bubbled dissecting buffer [composed of the
following (in mm): 113 NaCl, 3 KCl, 1 NaH,PO,, 25 NaHCO;, 11 glu-
cose, 10 MgCl, |, and 300—400 wm transverse sections of the spinal cord
were cut. Slices were transferred by a Pasteur pipette to a Plexiglas exper-
imental chamber attached to a fixed stage Axioskop FS microscope
equipped with a bandpass optical filter (770 = 40 nm) in the light path
and an attached CCD camera and monitor. Additional slices, not cur-
rently being studied, were placed in a chamber containing bubbled room
temperature aCSF.

Slices placed in the experimental chamber were held in place with a
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platinum wire harp and were perfused continuously with aCSF (1-2
ml/min). Bicuculline (10 uMm) and strychnine (1 um) were added to the
aCSF in all experiments to ensure the specific study of EPSCs. Miniature
EPSCs (mEPSCs) were evaluated by adding tetrodotoxin (TTX; 0.3 um)
to block action potentials.

A stimulating electrode (MCE-100, Rhodes Medical Instruments,
Woodland Hills, CA) was aimed by using a 4X objective at the tract of
Lissauer superficial to the dorsal horn at the most dorsolateral edge of the
dorsolateral funiculus.

Electrophysiological recordings. The temperature of the bath in the re-
cording chamber was heated to 34°C by an in-line heater (Warner In-
struments, Grand Haven, MI) with feedback control. A glass recording
electrode (4—6 M{) filled with intracellular pipette solution [containing
the following (in mm): 125 KMeSO,, 8 NaCl, 10 HEPES, 2 Mg-ATP, 0.3
Na-GTP, and 5 EGTA, pH 7.3, at ~285 mOsm] was advanced into the
recording chamber by using direct vision and a micro-manipulator (Sut-
ter Instrument, Novato, CA). Lamina I cells were targeted visually for
whole-cell voltage-clamp recording. Maximum diameter of the cell body
was measured by using Openlab software (Improvision, Lexington, MA).
Once established, whole-cell voltage clamp was maintained at =70 mV,
using an Axopatch 200B amplifier (Molecular Devices, Union City, CA)
and telegraphed software (Pulse, HEKA Electronics, Lambrecht, Ger-
many) running on a Macintosh computer. Initial series resistance and
capacitance as well as current/voltage curves were noted at the beginning
of each experiment and at intervals throughout the study (series resis-
tance and capacitance changes >20% eliminated data from study
analysis).

Electrophysiology ~ drug  application.  [p-Ala?,N-MePhe* Gly-
ol®]enkephalin (DAMGO) and naloxone used in these studies were gifts
from the National Institute of Drug Abuse (NIDA) drug supply system.
All other drugs were purchased (Sigma, St. Louis, MO). Drugs were
applied by gravity-fed superfusion from a drug reservoir containing bub-
bled aCSF in which the drugs were dissolved. The combined volume of
the recording chamber and tubing from the drug reservoir was <2 ml to
minimize latencies of drug effects at a flow rate of 1-2 ml/min.

Primary afferent stimulation. The tract of Lissauer was stimulated every
30 s, and the pulse duration (usually 1-2 ms) and current intensity (usu-
ally 50—-100 nA) were adjusted to produce a reliably evoked EPSC distin-
guishable from the stimulus artifact. After stable (10-15 min)
stimulation-evoked EPSCs (baseline) were established, the drugs were
applied and reversed by antagonist or by drug washout. In some studies
evoked (eEPSCs) and spontaneous EPSCs (sEPSCs) were recorded con-
currently in alternating intervals.

Electrophysiological data analysis. All electrophysiological data were
digitized and collected via Pulse (HEKA Electronics) on a Macintosh-
based computer. From Pulse the data were exported into a spreadsheet
for additional data manipulation (Microsoft Excel, Redmond, WA),
graphing (Synergy KaleidaGraph, Reading, PA), or statistics (StatSoft
STATISTICA, Tulsa, OK). Analysis of spontaneous or miniature poten-
tials was accomplished with MiniAnalysis (Synaptosoft, Decatur, GA).
MiniAnalysis allows for a threshold-based event detection algorithm,
enabling events to be analyzed by frequency and amplitude as well as to
be grouped and plotted.

Stimulus-evoked EPSCs are analyzed both with respect to maximum
initial amplitude (the first ~20 ms) and charge (area under the baseline
holding current) of the response. Post-treatment data are normalized to
baseline responses (post-treatment/baseline) to minimize cell-to-cell
variance and facilitate between-subject ANOVA. Baseline is defined in
the stimulation-evoked EPSC studies as the mean of five pretreatment
responses. SEPSCs were recorded in 2 min epochs, and mEPSCs were
recorded in 5 min epochs, with the last pretreatment epoch serving as
baseline. As in the behavioral studies ANOVA and Newman—Keuls tests
and an « value of 0.05 were used to analyze these electrophysiology
experiments statistically. An exception to this was the use of the Kolmog-
orov—Smirnov test to compare EPSC amplitudes.

Data from multiple cells in the same slice or from multiple slices in the
same animal were treated as independent samples. However, recordings
were made from only one cell in any one slice either stimulated electri-
cally or given any drug treatment (excluding the bicuculline and strych-
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nine treatments routinely given to all slices). # in the figures and figure
legends refers to the total number of cell recordings in which the exper-
iment was completed while maintaining whole-cell voltage clamp with
minimal change (<20%) in resistance or capacitance measures.

Immunohistochemistry and electron microscopy. Spinal cord tissues
were prepared for dual immunoperoxidase and immunogold detection
of substance P (SP) and NMDARI with methods previously described
(Aicher et al., 1997). In brief, rat pups were anesthetized deeply with a
lethal dose of sodium pentobarbital (150 mg/kg, i.p.) and perfused tran-
scardially with 5 ml of heparinized saline (1000 U/ml), followed by 10 ml
of 3.8% acrolein in 2% paraformaldehyde, followed by 50 ml of 2%
paraformaldehyde. The lumbosacral spinal cord was removed, placed in
the acrolein/paraformaldehyde solution for 20 min, and then placed in
0.1 M phosphate buffer (PB), pH 7.4. The spinal cord was sectioned [40
pm thick coronally on a vibrating microtome (Vibratome model
VT1000, Leica Microsystems, Nussloch, Germany)], and the sections
were collected in 0.1 M PB. Tissue sections were stored for 3 d in a
cryoprotectant solution at —20°C before processing. Tissue sections were
incubated in (1) 1% sodium borohydride (30 min) to neutralize the
aldehydes and (2) 0.5% bovine serum albumin (BSA) in 0.1 M Tris-saline
(Tris, pH 7.6) to reduce nonspecific binding. Tissue sections then were
placed in a mixture of monoclonal rat anti-SP antibody (1:1000; Accu-
rate Chemicals, Westbury, NY) and rabbit anti-NMDARI antibody (1:
50; Chemicon, Temecula, CA) in 0.1% BSA for 36 h at 4°C. After incu-
bation in the primary antibody mixture the sections were incubated in
biotinylated anti-rat IgG (1:400) for 30 min. Then the biotinylated sec-
ondary antibody was visualized by incubation of the sections in avidin—
biotin complex (ABC) solution (Elite kit, Vector Laboratories, Burlin-
game, CA) for 30 min, followed by a 6 min incubation in
diaminobenzidine-H, O, solution. To visualize NMDARI, we incubated
the sections in a secondary antibody conjugated to colloidal gold (1:50
goat anti-rabbit IgG; Amersham Biosciences, Arlington Heights, IL) for
2 h and glutaraldehyde for 10 min; then the colloidal gold was enhanced
by silver intensification (IntenSEM kit, Amersham Biosciences) for 7
min. Except for the primary antibody mixture, all incubations were at
room temperature, and tissue was rinsed in Tris-saline after each
incubation.

After immunocytochemical processing the tissue sections were rinsed
in 0.1 M PB, placed in 2% osmium tetroxide for 1 h, rinsed in 0.1 M PB,
dehydrated through a graded series of ethanols to propylene oxide, and
then put in propylene oxide EMbed (1:1; Electron Microscopy Sciences,
Hatfield, PA) overnight. Next the sections were placed in EMbed for 2 h,
embedded between two pieces of Aclar, and placed in an oven for 48 h at
60°C. Vibratome sections containing SP-labeled axon terminals in the
dorsal horn of the spinal cord were embedded in Beem capsules. Ultra-
thin sections (75 nm) were collected from the surface of the tissue, placed
on copper grids, and counterstained with uranyl acetate and Reynold’s
lead citrate. Ultrathin sections were examined with an FEI Tecnai 12
electron microscope, and images were captured with a digital camera
(Advanced Microscopy Techniques, Danvers, MA).

Anatomy data analysis. Electron microscopic images were collected
with an Advanced Microscopy Techniques 2.6 X 2.6 k digital camera and
saved in tagged image file (TIFF) format. Contrast and sharpness for all
images were adjusted in Adobe Photoshop (Mountain View, CA) and
labeled in Adobe Illustrator.

The ultrastructural analysis was conducted on plastic-embedded sec-
tions from four animals (17 = 4; two morphine and two control rats) with
successful immunoperoxidase and immunogold labeling and excellent
preservation of morphology. Ultrathin sections were selected from an
area just below the surface of the tissue at the tissue/plastic interface,
where the penetration of antibodies is optimal (Aicher et al., 1995, 1999).
Regions were selected for analysis on the basis of their location immedi-
ately inside the dorsal surface of the spinal cord or immediately adjacent
to the dorsal funiculus. For each animal the area examined was four to
five grid squares (12,100-15,125 wm?). All SP-containing axons and
terminals were photographed and quantified to determine the localiza-
tion of immunogold labeling for NMDARI both presynaptically and
postsynaptically. The localization of silver-intensified colloidal gold par-
ticles was classified as either plasmalemmal (in direct contact with the
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Figure 1. Increased excitatory postsynaptic currents in lamina | cells of spinal slices from
morphine-tolerant neonatal rats. A, Representative examples of whole-cell voltage-clamp re-
cordings from lamina | cells in slices from an opiate-naive (Naive) and a morphine-treated
(Tolerant) rat showing increased SEPSCs in the latter. B, Significantly elevated mean sEPSC
frequencies in cells from morphine-treated (Tolerant) rats as compared with cells from opiate-
naive (Naive) rats (n refers to the number of cells, and frequencies for each cell represent an
average frequency for at least 2 min). Graphed values are the means == SEM; *p << 0.05 signifies
a statistically significant difference from cells in opiate-naive slices.

Table 1. Representative cell characteristics (n = 15)

Naive Tolerant
Cell body diameter (m) 126 £ 04 123 £04
Input resistance (M(2) 665.1 = 38.9 672.3 = 40.2
(apacitance (pF) 28131 293 +38
Resting membrane potential (mV) —63.7 £7.2 —64.5*£3.9
Initial holding current at —70 mV (pA) —215*x24 —234+28

Values are the means == SEM.

plasma membrane) or cytoplasmic. The criterion for positive immuno-
gold labeling for NMDARI was the presence of at least two particles in
profiles 0-1.0 wm, three particles for profiles 1.1-2.0 um, and four par-
ticles for profiles >2.1 um in diameter. Terminal and target size were
measured as the maximum cross-sectional diameter of the structure.
Associations between neuronal elements were identified and classified as
either asymmetric or symmetric synapses or as appositions. The relative
number of dual-labeled profiles was compared between treated and con-
trol animals by using a y * analysis. In addition, Student’s ¢ tests were used
to compare the total number of gold particles per unit area of dual-
labeled axon terminals as well as the ratio of membrane to cytoplasmic
gold particles within each axon terminal between groups.

Results

Increased excitation in the dorsal horn of spinal slices from
opiate-tolerant rats

In whole-cell voltage-clamp studies of visualized lamina I cells in
the neonatal rat spinal cord we found a significantly increased
frequency of sEPSCs in spinal cord slices from rats previously
treated with opiates (opiate-tolerant) as compared with slices
from opiate-naive rats (Fig. 1 A, B). However, there was no signif-
icant difference between the two groups in sEPSC amplitudes
(Kolmogorov—Smirnov test; data not shown). Moreover, there
was no difference between any other measured anatomic or elec-
trophysiological characteristics of the cells studied in the two
groups of cells (Table 1). In the presence of 0.3 um TTX mEPSC
mean frequencies also were elevated significantly (p < 0.05) in
slices from opiate-tolerant rats (0.61 £ 0.05 Hz; n = 7 cells) when
compared with opiate-naive slices (0.29 + 0.02 Hz; n = 11 cells).
Again there were no group differences in EPSC amplitudes, with
mEPSC mean amplitude in cells (n = 11) from opiate-naive slices
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equaling 49.7 * 0.4 pA as compared with 50.2 * 0.3 pA in cells
(n = 7) from slices from opiate-tolerant rats.

All of our spinal slice recordings described above included
bicuculline (10 M) and strychnine (1 uMm) in the perfusion buffer
to block inhibitory postsynaptic currents caused by GABA, and
glycine receptors, respectively. Thus the increased sEPSC fre-
quencies seen in opiate-tolerant slices were not attributable to a
differential loss of inhibition (cf. Moore et al., 2002) but are,
instead, attributable to increased excitation per se.

Increased EPSC frequencies in morphine-tolerant slices are
attributable to NMDA receptors

A number of excitatory neurotransmitters in addition to gluta-
mate have been reported to have activity in the spinal dorsal horn
[including ATP (Ding et al., 2000), SP (Willcockson et al., 1984),
and serotonin (Li and Zhuo, 1998)]. However, in our previous
studies in opiate-naive slices (Terman et al., 2001) CNQX, a glu-
tamate antagonist at kainate/AMPA-type receptors, virtually
eliminated all SEPSCs and eEPSCs in lamina I recordings, point-
ing to glutamate as the primary excitatory transmitter in this
region. In slices from morphine-tolerant rats CNQX again al-
most completely abolished all sEPSCs (Fig. 2A). Thus the in-
creased sSEPSCs recorded in tolerant slices are attributable to in-
creased glutamate binding to CNQX-sensitive receptors. The
increases in EPSC frequency, but not in amplitude, seen in toler-
ant slices argue that it is an increase in glutamate release that is
responsible for the difference and thus an effect presynaptic to the
cells from which we are recording.

The known importance of NMDA-type glutamate receptors
in opiate tolerance described above prompted us to examine the
effect of the NMDAR antagonist APV (25 uM) in slices from
morphine-tolerant rats. APV significantly decreased the sEPSC
frequencies in tolerant slices to rates similar to those seen in
opiate-naive slices (Fig. 2A) without having any effect on the
sEPSC frequencies in slices from opiate-naive rats. Thus our data
suggest that the increased glutamate release evident in lamina I of
slices from opiate-tolerant rat pups is mediated by NMDA recep-
tors. We hypothesized that these NMDARSs likely are located pre-
synaptic to the lamina I cells we studied. This hypothesis is based
both on the magnesium blockade of most postsynaptic NMDARs
seen at the =70 mV membrane potential at which we voltage
clamp our cells during recordings and on the elimination of all
EPSCs by CNQX (which does not block NMDARs). We went on
to use the noncompetitive NMDAR blocker (+)-5-methyl-
10,11-dihydro->H-dibenzo [a,d]cyclohepten-5,10-imine mal-
eate (MK-801) in our recording pipette solution to test this hy-
pothesis. We (Thomson et al., 2006) and others (Arvanov et al.,
2000; Garraway et al., 2003) have found that intracellular dialysis
with MK-801 (1 mm) blocks postsynaptic NMDA-induced (but
not CNQX-sensitive) currents in opiate-naive cells. Intracellular
MK-801 does not occlude the ability of bath-applied APV to
eliminate the increased frequencies of mEPSCs recorded in lam-
ina I cells from opiate-tolerant rats, however (Fig. 2 B). Together,
these data point to a presynaptic site of NMDARs involved in
increasing the probability of glutamate release in the morphine-
tolerant rat’s spinal dorsal horn.

We next examined whether the presynaptic NMDAR-
mediated increases in glutamate release in tolerant rats might be
attributable to changes at primary afferent nerve terminals. We
have found previously that electrical stimulation of the tract of
Lissauer (a region of white matter capping the spinal dorsal horn
that contains fine primary afferent fibers thought to be involved
in pain) (Coggeshall et al., 1981) can yield monosynaptic re-
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Figure2. Increased EPSC frequencies in slices from morphine-tolerant rats are attributable
to NMDA receptor-mediated currents. A, The NMDA receptor antagonist APV (25 ) inhibits
the frequency of sEPSCs recorded in slices from morphine-treated rats (Tolerant), but not
opiate-naive rats (Naive), such that after APV there is no longer a significant difference in SEPSC
frequency between the two groups of slices. The kainate/AMPA glutamate receptor antagonist
CNQX (10 gm) virtually eliminated all sEPSCs in lamina | cells from morphine-treated rats,
mirroring our previous data in opiate-naive slices and demonstrating the absence of postsyn-
aptic NMDAR-mediated currents in our recordings. B, Elevated mEPSC frequencies in slice re-
cordings of neurons (n) from morphine-treated rats (Tolerant) also were diminished by APV to
levels of mEPSC frequencies observed in opiate-naive slices (Naive) by APV, even when the
NMDA antagonist MK-801 was added to the intracellular pipette solution to block postsynaptic
NMDA receptors. Datain both A and Brepresent repeated measure experiments in which APV or
(NQX was added to the perfusate for 10 min. Statistical analysis was performed by using either
between-group or repeated measures ANOVA as appropriate, although predrug data (Naive or
Tolerant) were collapsed across APV, CNQX, or no drug treatments for presentation purposes.
Graphed values are the means == SEM; *p << 0.05 signifies a significant difference from opiate-
naive slices.

sponses in lamina [ neurons (Li et al., 1999; Terman et al., 2001).
We returned to this model, using tract of Lissauer stimulation, to
evaluate differences between lamina I cells from morphine-
tolerant and morphine-naive slices in their responses to primary
afferent stimulation. Just as in our sEPSC studies, there was a
significant reversible inhibition by APV of eEPSCs in lamina I
cells from morphine-tolerant rats (Fig. 3A), but not in cells from
morphine-naive rats (Fig. 3B). This inhibition was seen both in
the amplitude of the initial response to stimulation (Amplitude)
and in the area under the curve (Charge) of the entire eEPSC. The
inhibitory effect of APV on the amplitude of the initial eEPSC in
tolerant slices suggests that at least a portion of the NMDAR-
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Figure3. NMDA receptors potentiate tract of Lissauer eEPSCs in morphine-tolerant slices. 4,

Representative experiment using a lamina | cell from a morphine-treated (Opiate Tolerant) rat.
Traces recorded at each phase of the study are included as insets, as well as the percentage of
change from the immediate pre-APV (baseline) response area under the curve (Charge; see
schematic). Infusion of APV (25 um; horizontal bar) inhibited both maximal initial amplitude
(Amplitude; see schematic) and the charge of the tract of Lissauer stimulation-evoked EPSCs
(eEPSCs). This inhibition was reversed by stopping the APV (washing out the APV). Perfusion of
CNQX (10 pum; second horizontal bar) virtually eliminated all eEPSCs in slices from both opiate-
naive (data not shown) and morphine-treated rats (as demonstrated). B, Group data demon-
strating inhibition of eEPSC amplitude and charge by APV in slices from morphine-treated rats
(Tolerant) and significant reversal by 20 min of APV washout (Wash). n refers to the number of
cells from which adequate recordings were obtained. Graphed values are the means = SEM;
*p < 0.05 signifies a significant difference from APV washout.

mediated presynaptic effects is attributable to NMDARs on pri-
mary afferent terminals.

Increased number of dorsal horn primary afferents
containing NMDARs in morphine-tolerant rats

Our electrophysiological studies point to an increase in presyn-
aptic NMDA receptor activity in morphine-tolerant rats. We
sought to confirm an increase in the number of these receptors
via anatomical analyses. Presumed primary afferent terminals
were identified by using an antibody to SP. An antibody specific
for the R1 subunit of the NMDA receptor also was used to iden-
tify this type of glutamate receptor. Both SP and NMDARI1 were
detected immunocytochemically (Aicher et al., 1997). Regions of
the spinal dorsal horn were examined by electron microscopy in
morphine-treated and opiate-naive control animals to determine
whether any change in primary afferent terminal NMDARs could
be verified.

The distribution of SP and NMDARI was examined in the
spinal dorsal horn of morphine-treated and saline-treated con-
trol rats. A similar area of tissue at the tissue/plastic interface was
examined in each animal, and the number and type of profiles
were compared between control and morphine-treated rats. All
profiles containing SP were photographed, and the distribution
of NMDARI within these profiles was assessed. Consistent with
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our findings in adult animals (Aicher et al., 1997), SP was found
in axons and axon terminals in the outer laminas of the neonatal
rat spinal cord (Fig. 4). SP-containing terminals often formed
asymmetric (presumed excitatory) synapses (Fig. 4 A). Occasion-
ally, SP and NMDARI were detected within the same unmyeli-
nated axon (Fig. 4C). NMDARI also was found within SP axon
terminals, where often it was associated with small clear vesicles
(Fig. 4D). The prevalence of NMDARI within dorsal horn SP
axon terminals was compared between opiate-treated and
opiate-naive groups. We found that the frequency of NMDARI
detection within SP-containing primary afferents was signifi-
cantly higher in morphine-treated rats than in control rats (57 vs
35%, respectively) (Table 2). Thus more of the SP axon terminals
in morphine-treated rats had NMDARI as compared with con-
trol rats. This does not mean that there are more receptors per
axon, however, because axon terminals that contained both SP
and NMDARI1 demonstrated no group differences in the number
of NMDARs (gold particles) per terminal (Table 2). Moreover,
morphine treatment did not appear to change the ratio of
NMDARs accessible to NMDAR agonists or antagonists on the
cell membrane, because there was no difference in the cytoplasm/
membrane gold particle ratio between treatment groups for axon
terminals containing both SP and NMDARI (Table 2). Thus our
data demonstrate an increased synthesis and/or trafficking of
NMDARI into SP terminals of morphine-treated rats as com-
pared with controls and suggest that SP axon terminals that pre-
viously did not contain NMDARs now expressed them as a con-
sequence of opiate exposure.

The difference in the frequency of NMDARs in SP-containing
primary afferents in morphine-treated and control rats appeared
to be a preferentially presynaptic effect. Some SP-labeled termi-
nals contacted targets that were clearly dendritic. In both mor-
phine and saline treatment groups 16% of these dendritic targets
contained NMDARI1 immunogold labeling. Therefore, there was
no difference between treatment groups with regard to the distri-
bution of NMDARI in the dendritic targets of SP axon terminals.
These findings suggest that morphine treatment associated with
morphine analgesic tolerance causes an increased synthesis (or
decreased degradation) of NMDA receptors in primary afferents
and/or that there is an increase in trafficking of these receptors to
primary afferent central terminals.

Functional changes in presynaptic NMDARs in
morphine-tolerant rats

The increased number of primary afferent NMDARs evident in
morphine-treated rats gives an anatomical basis for the increased
NMDAR activity evident in our electrophysiology studies.
Whether these new presynaptic NMDARs in morphine-treated
rats function identically to the less abundant presynaptic
NMDARSs in opiate-naive rats cannot be determined from the
anatomy.

Despite the extensive literature on the role of NMDA recep-
tors in CNS neurotransmission, much less is known about the
function of presynaptic NMDARs than postsynaptic NMDARs.
This is likely attributable to the difficulty in studying small syn-
aptic terminals directly as compared with voltage-clamp studies
of postsynaptic cell bodies and their attached dendritic trees.
Nevertheless, expanding numbers of studies have demonstrated a
role for presynaptic NMDARs in modulating neurotransmission
(Pittaluga and Raiteri, 1990; Liu et al., 1997; Lao et al., 2003;
Bardoni et al., 2004; Huang and Bordey, 2004; Suarez et al., 2005;
Yang et al., 2006) and synaptic plasticity (Duguid and Smart,
2004; Tzingounis and Nicoll, 2004; Garcia-Junco-Clemente et al.,
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2005; Samson and Pare, 2005; Lien et al.,
2006; Duguid and Sjostrom, 2006)
throughout the brain and spinal cord. In
general, presynaptic NMDARs have been
implicated in increases in neurotransmit-
ter release, although sometimes the neuro-
transmitters themselves are inhibitory
(Duguid and Smart, 2004). An important
exception to this generalization is a recent
report by Bardoni et al. (2004) of an inhi-
bition of spontaneous and primary affer-
ent stimulation-evoked glutamate release
in the spinal cord slice by direct applica-
tion of NMDA. This finding in opiate-
naive slices clearly differs from our data
supporting a presynaptic NMDAR-
mediated increase in glutamate release in
slices from opiate-tolerant rats. We di-
rectly investigated this dichotomy by per-
fusing NMDA (50 uM) onto spinal slices
from opiate-tolerant and opiate-naive an-
imals and observing the effects on lamina I
mEPSC frequencies, with MK-801 in the
recording pipette to block postsynaptic
NMDA responses in the recorded cell. Like
Bardoni etal. (2004), we observed a signif-
icant inhibition in EPSC frequency with
NMDA administration in opiate-naive
slices (Fig. 5A, B). This inhibition was re-
versed significantly 10 min after the
NMDA had been removed from the per-
fusate (Fig. 5A,B, Wash). In contrast, in
slices from opiate-tolerant rats the NMDA
superfusion produced a significant revers-
ible increase in mEPSC frequency (Fig. 5).
After removal of the NMDA the mEPSC frequencies in opiate-
tolerant and opiate-naive slices were both below baseline levels,
perhaps because of an unusually large nonspecific decrease in
mEPSC frequencies with time (“rundown”) in both groups
(compare with the minimal rundown in Fig. 2B) and/or to a
long-term effect of NMDA exposure. In either event the presyn-
aptic NMDARs in the dorsal horn of opiate-treated animals differ
from NMDARSs in opiate-naive slices in their modulation of glu-
tamate release and, thus, differ not only with regard to their num-
ber but also in their physiology. Both of these differences may
contribute to the increased NMDAR-mediated excitation that is
evident in spinal slices from opiate-tolerant neonatal rats.

Figure 4.

NMDA receptors contribute to opiate tolerance expression in
vitro and in vivo

We returned to our in vitro model of opiate tolerance to study
further the possible functional implications of presynaptic
NMDARs. We replicated our previous findings (Terman et al.,
2001) that tract of Lissauer electrical stimulation-evoked EPSC
amplitudes in lamina I cells from opiate-naive slices were inhib-
ited by the p-agonist DAMGO (1 uM) and that this inhibition
was reversed by the opiate antagonist naloxone (1 um) (Fig. 6A).
Moreover, as in our previous studies (Eastman and Terman,
2001) (Eastman and Terman, unpublished observations) eEPSCs
in lamina I cells from morphine-tolerant rat pups did not show
naloxone-reversible inhibition of eEPSC amplitudes (Fig. 6 A). In
the presence of APV, however, significant DAMGO-induced in-
hibition was observed for both eEPSC amplitude and charge in
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SP and NMDART1 are colocalized at presynaptic sites in the spinal dorsal horn. 4, An immunoperoxidase SP-labeled
terminal (SP-t) makes an asymmetric synapse (curved arrow) onto an unlabeled dendrite (ud). An unlabeled terminal is also in
view (ut). B, An SP-labeled unmyelinated axon (SP-a) in the outer laminas of the lumbar dorsal horn is seen in a bundle of small
unmyelinated axons (ua). ¢, SP immunoperoxidase and NMDAR1 immunogold (arrowheads) labeling in an unmyelinated axon
(SP + NMDAR1-a) are contrasted by an unlabeled unmyelinated axon (ua). Dense core vesicles (arrows) are seen in a nearby
unlabeled terminal (ut). D, Immunoperoxidase labeling for SP and immunogold labeling for NMDART (arrowheads) are colocal-
ized in an axon terminal (SP + NMDAR1-t) that contained a dense core vesicle (arrow) and made an asymmetric synapse (curved
arrow) onto an unlabeled dendrite (ud), which also received a direct apposition from an unlabeled terminal (open arrow; ut). m,
Mitochondria. Scale bars, 0.25 pm.

Table 2. Substance P immunoperoxidase-containing terminals (SP-t)

Naive Tolerant

Percentage containing NMDART1
(immunogold labeling)

Number of gold particles/terminal ™

Ratio of membrane gold/total gold*

35% (n = 60 SP-t)
3.7 %206
0.17 = 0.04

57%* (n = 53 SP-t)
42+ 06
0.15 = 0.04

Values are the means == SEM.
<005 .
Not significant; Mann—Whitney rank sum test.

slices from morphine-tolerant rats (Fig. 6 B). Thus the expression
of opiate tolerance appeared to be inhibited by NMDAR antago-
nism. This inhibition of opiate tolerance expression by NMDAR
antagonists was unexpected. Most previous studies demonstrat-
ing NMDA antagonist blockade of opiate tolerance reported a
prevention rather than a reversal of tolerance and, thus, an inhi-
bition of tolerance induction, but not necessarily of tolerance
expression (Trujillo and Akil, 1991, 1994; Mao et al., 1992).

We therefore decided to return to the in vivo preparation to
examine the effects of NMDAR antagonists in inhibiting opiate
tolerance expression in our 2- to 3-week-old rat pups. Although
NMDAR antagonists have been reported to block tolerance in-
duction in rats of this age (Zhu and Barr, 2003), the effects of
NMDAR antagonists on tolerance expression in these animals
have not been reported previously. Using the hindpaw with-
drawal response to noxious heat, we found that, as in the past
(Eastman and Terman, unpublished observations), our regimen
of escalating doses of morphine indeed did induce opiate analge-
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Figure5.  NMDA-induced potentiation of mEPSC frequency in slices from morphine-tolerant
rats. A, Representative examples of whole-cell voltage-clamp recordings from lamina | cells in
slices from an opiate-naive (Opiate Naive) and a morphine-treated (Tolerant) rat in the pres-
ence of TTX (0.3 um) and with MK-801 (1 mm) in the recording electrode. NMDA (50 um)
produces an inhibition of mEPSC frequency (from baseline frequency) in lamina | cells from
spinal slices of opiate-naive neonatal rats that is reversed partially by removing NMDA from the
bath (Wash) for 10 min. In contrast, in lamina | cells from slices obtained from morphine-treated
rats NMDA produces anincrease in mEPSC frequency that is reversed completely by washing out
NMDA. B, Group data demonstrating a significant reversible (by Wash) reduction of mEPSC
frequencies from baseline frequencies by NMDA application in slices from opiate-naive rats. n
refers to the number of cells from which adequate recordings were obtained. In contrast, there
was a significant reversible increase in mEPSC frequencies from baseline by NMDA in slices from
opiate-tolerant rats. Data consist of mEPSC frequencies averaged over a 5 min recording period,
graphed as the percentage of pre-NMDA values (% Baseline), and graphed as the means = SEM
of these percentages. *p << 0.05 signifies a significant difference in mEPSC frequencies from
frequencies after 10 min of NMDA washout.

sic tolerance (Fig. 7). On the other hand, we found that 30 min of
pretreatment with MK-801 blocked the expression of morphine
analgesic tolerance in our rat pups 60 min after morphine (90
min after MK-801). Importantly, MK-801 did not affect premor-
phine or acute morphine hindpaw responses significantly (Fig.
7), demonstrating that this effect was not attributable to disrup-
tion of nociceptive responses or potentiation of morphine anal-
gesia but was, instead, specific to analgesic tolerance.

We again were surprised by the inhibition of morphine toler-
ance expression produced by NMDAR antagonists in light of
some previous negative reports in this regard (Trujillo and Akil,
1994). Perhaps our disparate results are attributable to differ-
ences between opiate tolerance in adult rodents (in which almost
all of the NMDAR and opiate tolerance studies have been done)
and the neonatal rats studied here. On the other hand, a review of
the literature shows that even in adult animals only a small per-
centage of original studies reported experiments with NMDAR
antagonists on tolerance expression (~10 of 52 studies re-
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Figure 6. Inhibition of opiate tolerance expression by the NMDA receptor antagonist APV in
vitro. At 10 min after perfusion with the w-opiate DAMGO (1 pum), tract of Lissauer stimulation-
evoked EPSCs (eEPSCs) were inhibited with regard to both total Charge (left two panels; see Fig.
3 schematic for example of charge) and initial maximum amplitude (right two panels; see Fig. 3
schematic for example of amplitude) in lamina l cells from opiate-naive rats. This inhibition took
place with APV (25 wum; bottom two panels) and without APV (25 wum; top two panels); all
inhibition was reversed significantly by naloxone (1 um). Unlike eEPSCs in opiate-naive ani-
mals, DAMGO had no naloxone-reversible inhibition of response charge or amplitude in slices
from morphine-tolerant rat pups in the absence of APV. In the presence of APV, however,
naloxone-reversible inhibition was still significant, even in slices from morphine-tolerant pups.
n equals the number of cells from which adequate recordings were obtained. Graphed values
are the means == SEM; *p << 0.05 signifies a significant difference from naloxone.
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Figure 7.  Inhibition of opiate analgesic tolerance expression by the NMDA receptor antag-
onist MK-801. Rat pups given 3 d of escalating dose morphine treatment (Tolerant) showed
significantly less analgesia (inhibition of hindpaw withdrawal to heat) than saline-treated (Opi-
ate Naive) littermates 60 min after subcutaneous (SC) morphine when pretreated 30 min before
morphine with saline, but not with the NMDA receptor antagonist MK-801, intraperitoneally
(IP). Intraperitoneal MK-801 itself did not cause analgesia or potentiate morphine analgesia in
the opiate-naive group. Graphed values are the means = SEM; *p << 0.05 signifies a significant
difference from opiate-naive rats.

viewed); of those, more than one-half have reported significant
effects in inhibiting opiate analgesic tolerance expression with at
least some doses of NMDAR antagonists (Tiseo and Inturrisi,
1993; Elliott et al., 1994; Shimoyama et al., 1996; McNally and
Westbrook, 1998; Allen and Dykstra, 1999; Belozertseva et al.,
2000; Popik et al., 2000). Some of these studies have been criti-
cized because of motor (Carlezon et al., 2000) or sensory (Kozela
and Popik, 2002) side effects produced by NMDAR antagonists
including, in some studies, analgesia (Redwine and Trujillo,
2003) and morphine analgesia potentiation (Hoffmann and
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Wiesenfeld-Hallin, 1996). Nonetheless, although these con-
founds do complicate interpretation of opiate tolerance expres-
sion studies using NMDAR antagonists, they do not, in and of
themselves, negate the possibility that NMDAR antagonists with-
out such side effects, acting at the same receptor, might inhibit
opiate tolerance expression. Indeed, our studies demonstrate that
NMDARs are important in mediating morphine tolerance ex-
pression in the absence of sensory and/or motor side effects in
vivo and that these effects correlate with a blockade of opiate
tolerance by NMDAR antagonism in vitro for which behavioral
side effects are not an issue.

Discussion

Neonatal rat pups exposed to previous repeated morphine injec-
tions show an increase in SEPSCs in lamina I of the spinal dorsal
horn. Most of this increased excitation appears to be attributable
to an increase in NMDA receptor activity, at least a portion of
which appears to be at primary afferent terminals, presynaptic to
the lamina I cells from which we recorded. Consistent with these
electrophysiology results, electron microscopy data demonstrate
an increased incidence of NMDARs in SP-containing spinal dor-
sal horn primary afferent terminals in opiate-tolerant neonatal
rats. Moreover, superfusion of spinal slices from opiate-tolerant
rats with NMDA produces a reversible increase in mEPSC fre-
quency in contrast to the decrease in mEPSC frequency produced
by NMDA in opiate-naive slices. Finally, this increased NMDAR-
mediated excitation in opiate-exposed rats appears to be impor-
tant in mediating opiate tolerance. NMDAR antagonists inhibit
the expression of opiate tolerance both in our spinal slices and in
behavioral nociceptive responses to heat.

Much like our studies in spinal dorsal horn, an increase in
excitatory activity after repeated opiate administration also has
been reported in whole-cell voltage-clamp studies of other re-
gions of the neuraxis. Bie and Pan (2005) recently found an in-
crease in glutamate release in brainstem slices of nucleus raphe
magnus from opiate-tolerant rats. They proposed that this in-
creased excitation is important in mediating opiate tolerance by
increasing the activity of cells in the raphe magnus, which are
known to be involved in descending nociceptive facilitation
(Vanderah et al., 2001) but are normally under p-receptor inhib-
itory control (Pan, 2003). Bie and Pan report that the increased
glutamate release is mediated by protein kinase A and protein
kinase C activity; the role of NMDARSs in their observations was
not reported.

A role for NMDA receptors in contributing to morphine tol-
erance via NMDAR-mediated nociceptive sensitization has been
hypothesized for at least a decade (Mao et al., 1995). Although
other spinal and supraspinal opponent processes also have been
shown to modulate opiate tolerance (Hsu and Wong, 2000), spi-
nal NMDARs have been implicated most often in such mecha-
nisms (Gutstein and Trujillo, 1993; Manning et al., 1996). Our
studies suggest a cellular basis for the role of NMDARs in sub-
serving opiate tolerance. The increase in NMDAR-mediated ex-
citation in the superficial dorsal horn of the spinal cord certainly
could contribute to a nociceptive sensitization that, in turn, pro-
duces a decrease in the antinociceptive efficacy of a given dose of
opiate. How the role of NMDARs in opiate tolerance induction
differs from their role in opiate tolerance expression requires
more study and, perhaps, more pharmacological tools with an
improved therapeutic window in vivo (Loftis and Janowsky,
2003; Petrenko etal., 2003). Particularly novel in our results is the
demonstration that presynaptic rather than postsynaptic
NMDARSs are involved dynamically in regulating the increased
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excitation in spinal dorsal horn associated with opiate tolerance.
Presynaptic NMDARs increasingly have been implicated in mod-
ulating CNS neurotransmission and synaptic plasticity (Duguid
and Sjostrom, 2006), including increasing (Duguid and Smart,
2004; Yang et al., 2006) and decreasing (Bardoni et al., 2004)
neurotransmitter release. Our findings that high doses of NMDA
inhibit mEPSC frequency in superficial spinal laminas replicate
the findings of Bardoni et al. (2004). Admittedly, this response to
high doses of selective agonist does not speak directly to the phys-
iological role of presynaptic NMDA receptors when exposed to
endogenous levels of glutamate. Indeed, we recently have ob-
served (Thomson et al., 2006) that increases in endogenous ago-
nist by glutamate transporter inhibition produce an APV-
sensitive increase in mEPSC frequency in opiate-naive spinal
slices, suggesting that NMDA presynaptic receptors are capable
of increasing glutamate release even in the opiate-naive slice.
Regardless, we report here that, in contrast to the opiate-naive
slice, NMDA induces an increase in mEPSC frequency in spinal
slices from opiate-tolerant neonatal rats. The reason for this
seeming change in presynaptic NMDAR function in response to
previous opiate exposure is not evident. Studies are underway
examining the role of possible mechanisms that might alter the
physiological effects of NMDA application, including differential
NMDA subunit expression (Yamakura and Shimoji, 1999;
Gaunitz et al., 2002; Martin et al., 2004) and/or receptor phos-
phorylation (Mayer et al., 1995; MacDonald et al., 2001; Pan,
2003; Smith et al., 2003; Kalia et al., 2004).

Apart from changes in NMDA receptor function, our ana-
tomical data clearly show that there is an increase in primary
afferent NMDAR number in the spinal dorsal horn of opiate-
tolerant neonatal rats. These data support an increased synthesis
and/or trafficking of NMDARI into SP terminals of morphine-
treated rats as compared with controls. More of these terminals
contain NMDA receptors, but individual terminals have compa-
rable receptor densities and cytoplasm/membrane distribution
ratios. Moreover, no such opiate-induced differences are seen in
profiles postsynaptic to SP-containing primary afferents. In a
previous study we found a higher incidence of NMDARI in den-
dritic targets of SP axon terminals in opiate-naive rats as well as
an even lower incidence of presynaptic labeling for NMDAR1 in
SP afferents (Aicher et al., 1997). Differences from the current
data may be attributable to differences between the lumbar spinal
cord studied here and the cervical spinal cord studied previously
or may, instead, represent differences between the neonates stud-
ied here and adult rats studied previously.

It is well known that NMDA receptor number and function
change significantly during development (Pattinson and Fitzger-
ald, 2004; Fitzgerald, 2005). Zhu and Barr (2003) previously have
investigated the ontogeny of NMDAR-dependent opiate toler-
ance. They found that, although opiate analgesic tolerance in
1-week-old rats was not inhibited by NMDAR blockade (MK-
801) at 2 and 3 weeks of age, NMDAR antagonists significantly
attenuated tolerance induction. Zhu and Barr did not report the
effects of NMDAR antagonists on tolerance expression in ani-
mals of any age. Our behavioral studies in 2- to 3-week-old rats
confirm their findings that, like in the adult, NMDAR mecha-
nisms play an important role in mediating opiate tolerance in this
age group. Our electrophysiology and anatomy studies suggest a
cellular mechanism for these effects.
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