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Abstract

The contribution of the peripheral nervous system to opiate-induced hyperalgesia (OIH) is not well 

understood. Here, we determined the changes in excitability of primary sensory neurons after 

sustained morphine administration for 7 days. Changes in expression of glutamate receptors and 

glutamate transporters after morphine administration were ascertained in dorsal root ganglions 

(DRGs). Patch clamp recordings from intact DRGs (ex-vivo preparation) of morphine-treated rats 

showed increased excitability of small diameter (≤ 30 μm) neurons with respect to rheobase and 

membrane threshold, whereas the excitability of large diameter (> 30 μm) neurons remained 

unchanged. Small diameter neurons also displayed increased responses to glutamate, which were 

mediated mainly by GluN2B containing NMDA receptors (NMDARs), and to a lesser degree by 

the neuronal excitatory amino acid transporter 3 /excitatory amino acid carrier 1 (EAAT3/

EAAC1). Co-administration in vivo of the GluN2B selective antagonist Ro 25-6981 with 

morphine for 7 days prevented the appearance of OIH and increased morphine-induced analgesia. 

Administration of morphine for 7 days led to an increased expression of GluN2B and EAAT3/

EAAC1, but not of the AMPA, kainate or Group I metabotropic glutamate receptors, or of the 

vesicular glutamate transporter 2 (VGLUT2). These results suggest that peripheral glutamatergic 

neurotransmission contributes to OIH and that GluN2B subunit of NMDARs in the periphery may 

be a target for therapy.

 1. Introduction

Opiates are the most prescribed drugs for controlling moderate to severe pain. The first few 

doses produce a robust analgesia, but this analgesic effect is usually not sustained as the 

nervous system adapts to the opiate, a phenomenon referred to as tolerance [26; 72]. Another 

Corresponding authors: Luc Jasmin, ljasmin@gmail.com; Kerui Gong, kerui.gong@ucsf.edu. Address: Department of Oral and 
Maxillofacial Surgery, University of California San Francisco, 521 Parnassus Avenue, Campus Box 0440, San Francisco, CA 94143, 
Tel: +1-415-502-2749; fax: +1-415-476-6305. 

Conflict of interest statement: The authors report no conflict of interest.

HHS Public Access
Author manuscript
Pain. Author manuscript; available in PMC 2017 January 01.

Published in final edited form as:
Pain. 2016 January ; 157(1): 147–158. doi:10.1097/j.pain.0000000000000342.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



consequence of this adaptation is the development of opiate-induced hyperalgesia (OIH), 

which is a paradoxical increase in pain despite dose escalation [11; 45; 65]. Many clinical 

studies have documented the existence of OIH [2; 8; 26; 30]. Studies on animal models of 

pain also suggest that opiates increase pain hypersensitivity and development of acute opioid 

tolerance [7; 16; 24; 27; 43; 52].

While much of the attention has focused on the involvement of the central nervous system 

(CNS) [78; 86], there is growing evidence that the peripheral nervous system contributes to 

OIH, because of documented increased firing of primary nociceptive neurons or their fibers 

after morphine administration [23; 31; 60; 76]. After morphine administration primary 

afferent terminals in the spinal cord display increased activity, greater release of glutamate, 

and larger N-methyl-D-aspartate receptor (NMDAR) mediated responses [90]. Finally, 

dissociated small diameter dorsal root ganglion (DRG) neurons pre-exposed to morphine, in 
vivo or in vitro, exhibit an increased excitability [60; 76].

NMDARs were previously identified as potential targets for prevention of OIH [45] after it 

was found that NMDAR antagonists co-administered with opiates blocked the appearance of 

hyperalgesia. The anti-hyperalgesic effect of these antagonists was largely believed to occur 

through central NMDARs [1; 46; 49]. Peripheral NMDARs, however, might also have been 

involved and could constitute better therapeutic targets because of the fewer side effects of 

NMDAR antagonists that do not cross the blood-brain-barrier [57]. For this reason, we chose 

to study OIH associated changes in the DRG since in this peripheral location opiate and 

glutamate receptors are abundant and participate in nociceptive transmission [21; 22; 36; 42; 

44]. We investigated changes in glutamate receptors and transporters expressed on the 

neurons of the lumbar DRGs of rats that were administered morphine for 7 days and showed 

clear signs of OIH. The results indicate that increased nociception induced by continuous 

morphine administration is in part dependent on peripheral GluN2B expressing NMDARs 

and neuronal excitatory amino acid transporter 3 /excitatory amino acid carrier 1 (EAAT3/

EAAC1).

 2. Material and methods

 2.1 Animals

Male Sprague-Dawley rats (220–250 g) were housed on a 12-hour light–dark cycle and 

given food and water ad libitum. For electrophysiological recordings, 10-16 animals/group 

were used. For Western blot analysis, 7 animals per group were used. For behavior analysis, 

10 animals were used in control group, 8 animals were used for morphine group, and 6 

animals were used for morphine and Ro 25-6981 group.

 2.2 Ethics

The UCSF Institutional Animal Care and Use Committee approved the protocols used in this 

study, and the experiments were carried out in accordance with NIH regulations on animal 

use and care (Publication 85–23, Revised 1996)as well as according to recommendations of 

the International Association for the Study of Pain [91].
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 2.3 Drug administration and behavioral test

Drugs were systemically administered for 1 week using a mini-osmotic pump (2ML1, Alzet 

Co, USA). Briefly, after the rats were anesthetized with isoflurane, an incision was made on 

the nape, and the pump was inserted subcutaneously. The incision was then closed with 3-0 

Vicryl sutures. Each pump contained either 2ml of sterile saline, morphine (15 mg/ml, West 

Ward, Illinois), saline + Ro 25-6981 (5 mg/kg), or morphine + Ro 25-6981 (5 mg/kg) [84]. 

The pump delivered the solution at a constant rate of 10 μl/h and lasted for 1 week. 

Continuous morphine administration for 7 days was previously shown to reliably induce 

OIH [60; 75]. Before implantation, the pumps were weighed. After rats were euthanized the 

pumps were recovered and weighed again to estimate the remaining fluid in the pump 

reservoir. All pumps were found to have approximately 0.3 ml of solution remaining when 

they were removed; indicating all the rats had the full infusion.

An investigator blind to the treatment groups performed behavior studies on rats. Heat pain 

threshold was measured daily by the Hargreaves plantar test between 9 to 11 AM. The 

animals were placed into the test area 60 min prior to testing. Then the withdrawal 

thresholds from both hind paws were measured 3 times, with a 5 min interval between each 

measure. The mean value was used as the thermal nociceptive threshold. A cutoff of 20 sec 

was used to prevent potential skin damage. The animals were first tested for 3 days in order 

to get a stable baseline; then on the 3rd day immediately after behavioral testing, they were 

implanted with a mini-osmotic pump. Animals were tested daily for 7 days following the 

pump implantation.

 2.4 Patch clamp recordings

Intact lumbar DRGs were prepared as previously described [22]. Briefly, after inducing 

anesthesia with sodium pentobarbital (50 mg/kg, i.p.), a laminectomy was performed, then 

L4 and L5 DRGs were removed and placed into artificial cerebral spinal fluid (aCSF) 

bubbled with carbogen. The aCSF contained: 124 mM NaCl, 2.5 mM KCl, 1.2 mM 

NaH2PO4, 1.0 mM MgCl2, 2.0 mM CaCl2, 25 mM NaHCO3 and 10 mM glucose. The 

connective tissue surrounding the DRG was carefully removed under a dissecting 

microscope, and the ganglion was transferred to a recording chamber through which aCSF 

was perfused at a constant rate of 2-3 ml/min. A fine mesh anchor (SHD-22L, Harvard, 

USA) was used to stabilize the DRG during recordings. Five unit/ml of Liberase® (Roche) 

was applied locally via a pipette with a 5 μm diameter tip. After 15-20 minutes, the digested 

epineurium residue on a small area of the DRG surface was cleaned to expose the neurons.

DRG neurons were visualized with a 40X water-immersion objective using a microscope 

(FN-600; Nikon, Japan) equipped with infrared differential interference contrast optics. The 

image was captured with an infrared-sensitive CCD (IR-1000, Dage MTI, USA) and 

displayed on a black-white video monitor. The diameters of individual neurons were 

determined with a micrometer scale on the screen. Neurons ≤ 30 μm in diameter were 

categorized as small and those > 30 μm in diameter were categorized as large. Currents were 

recorded with an Axon 200B amplifier (Molecular Devices, USA) connected to a Digidata 

interface (Digidata 1322A, Molecular Devices, USA) and low-pass filtered at 5 kHz, 

digitized, and stored using pCLAMP 10.2 (Molecular Devices, USA). Patch pipettes were 
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pulled from borosilicate glass capillary tubing (BF150-86-10, Sutter, USA) with a P97 

pipette puller (Sutter, USA). The resistance of the pipette was 4-5 MΩ when filled with 

recording solution, which contained: 140 mM KCl, 2 mM MgCl2, 10 mM HEPES, 2 mM 

Mg-ATP, 0.5 mM Na2GTP, pH 7.4. The recordings were acquired in whole cell mode, and 

the access resistance was 10-20 MΩ with continuous monitoring. Data were discarded if the 

access resistance changed more than 15% during an experiment. For measuring the 

rheobase, a series of currents were injected to the neuron, starting at -0.1 nA with increments 

of 0.05 nA until the first action potential was generated. For measuring the membrane 

threshold, a 500 ms depolarizing ramp (2000 pA/s) was administered. For all currents 

induced by agonists except NMDA, the neurons were clamped at -70 mV. For NMDA 

recordings, the neurons were clamped at +40 mV, and Mg2+-free aCSF was used to remove 

the magnesium block. Also 10 μM of glycine was co-applied with NMDA to fully activate 

NMDA receptors (NMDARs).

All glutamate receptor and transporter agonists were purchased from Sigma (Sigma, USA); 

while antagonists like APV, CNQX, DL-threo-β-benzyloxyaspartate (TBOA)and Ro 

25-6981 were purchased from Tocris (Tocris, USA). Drugs were dissolved in ultra-pure 

deionized water as stock solutions. All stock solutions were diluted to the desired 

concentration with aCSF immediately before use. All agonists were applied with focal 

pressure ejection via a pipette controlled by a Picrospitzer II (puff at 1-2 psi, General Valve, 

USA). The pipette was located approximately 50 μm from the recorded neuron so that the 

drugs reached all parts of the neuron. Changes in currents that were greater than 20% of 

baseline were determined to be inward currents induced by the agonists. All the inhibitors or 

antagonists were bath applied to reach the maximal effect. To confirm the contribution of 

GluN2B to NMDA currents, the potent GluN2B selective inhibitor Ro 25-6981 (0.3 μM) 

was perfused for 10 min to block GluN2B/NMDARs mediated currents. This dose has been 

used and verified previously for its inhibitory effect [84; 89].

 2.5 Western blots

DRGs from L1-6 (from 7 animals) were homogenized in lysis buffer (30 mM Tris HCl, 1 

mM EGTA, 0.1 mM Na3VO4, 10 mM Na4P2O7, 10 mM NaF, pH 7.4) containing complete 

protease inhibitor mini EDTA-free (Cat #: 1835170, Roche Diagnostics) and phosphatase 

inhibitor cocktail (Cat #: P0044, Sigma-Aldrich, St-Louis, USA). Tissue homogenates were 

centrifuged at 23,000 g for 15 minutes at 4°C. Then the supernatant was acquired and 

prepared for BCA to determine the protein concentration. For Western blot analysis, 25 μg 

of protein was separated on a 10% SDS-PAGE and transferred onto PVDF membranes as we 

described previously [29]. Membranes were blocked in LI-COR Odyssey Blocking Buffer 

(LI-COR Biosciences) for 1 hour at room temperature and incubated overnight at 4°C with 

primary antibodies: mouse monoclonal anti-β-actin (1:10,000, cat #: A2228, Sigma-

Aldrich), rabbit polyclonal anti-NR2A/B (1:400, Cat #: AB1548, Chemicon, USA), rabbit 

polyclonal anti-GluN2B (1:1000, Cat #: 06-600, Millipore, USA), rabbit polyclonal anti-

NR2C (1:400, Cat #: AGC-018, Alomone Labs, Israel), goat polyclonal anti-NR2D (1:500, 

Cat #: sc-1471, Santa Cruz, USA), mouse monoclonal anti-vGLUT2 (1:200, Cat #: 75-002, 

UC Davis/NIH NeuroMab Facility, USA), rabbit polyclonal anti-excitatory Amino Acid 

Transporter 3 (1:400, Cat #: AGC-023, Alomone Labs, Israel). After washing with PBST for 

Gong et al. Page 4

Pain. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3 times (10 min each) the membranes were incubated for 1 hour at room temperature with 

fluorescent secondary antibodies (1:15,000, IRDye 680RD polyclonal donkey goat anti-

mouse IgG Cat #: 926-68072, or IRDye 800CW polyclonal goat anti-rabbit IgG Cat #: 

926-32211, LI-COR Biosciences, USA), washed with PBS for 3 times, scanned, and bands 

were quantified with the LI-COR Odyssey Infrared Imaging System. All the proteins were 

normalized to β-actin; the expression levels in saline animals were set as 100% and 

expression of the protein was shown as the percentage of saline group.

 2.6 Statistical analysis

All results were presented as the mean ± SEM. For testing the blocking effect of receptor 

antagonist, the responses induced by each agonist were set as 100%, and the currents after 

antagonist application were expressed as the percentage of previous response. For animal 

behavior analysis, all the latencies were normalized to the baseline for each animal 

individually. One way repeated measure of ANOVA was used, followed by LSD test for 

further comparison. For comparison of currents and protein expression between saline and 

morphine groups, the statistical significance was determined using the Student's t-test. For 

comparing the responsive percentage, chi square test was used. A p level ≤ 0.05 was 

determined as statistically significant.

 3. Results

 3.1 Sustained morphine administration induced hyper-excitability of small diameter DRG 
neurons

After one week of morphine or saline treatment, intact DRGs were collected and recorded. 

Small diameter neurons (≤ 30 μm) were first studied given that they are associated with 

nociceptive transmission [4]. Neurons from the saline group displayed an average rheobase 

of 260 ± 29.6 pA (n = 32, Fig. 1A). Morphine treatment significantly decreased the average 

rheobase to 190 ± 21.1 pA (n = 62, p ≤ 0.05; Fig.1B and C). Membrane threshold (MT) also 

decreased after morphine treatment from -14.7 ± 3.2 mV (n = 25) to -21.1 ± 3.8 mV (n = 58, 

p ≤ 0.001; Fig. 1D-F). The spike numbers elicited by the current ramp were also compared 

between the two groups. During a 500 ms ramp stimulus, the average number of spikes for 

neurons in the morphine group was 12.2 ± 1.6 (n = 58), compared with 7.8 ± 0.9 (n = 25) for 

the saline group (p ≤ 0.05, Fig. 1G). This data shows that following one week of morphine 

administration, small diameter neurons displayed a robust increase in excitability.

In order to ascertain whether the excitatory effect of sustained morphine also involved larger 

DRG neurons, recordings were made from large diameter (> 30 μm) neurons. No significant 

differences in rheobase, MT, and resting membrane potentials (RMP) between the saline and 

morphine group (Fig. 1H-J) were seen in larger diameter neurons. Thus, sustained morphine 

administration selectively altered neuronal excitability of small diameter (≤ 30 μm) DRG 

neurons.
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 3.2 Sustained morphine administration increased responses to glutamate in small, but 
not large diameter DRG neurons

Recent studies indicate that glutamatergic transmission occurs in sensory ganglions and that 

intraganglionic glutamate receptors are involved in certain forms of pain such as neuropathic 

pain [22; 42; 44]. We therefore investigated glutamate receptor responses in primary sensory 

neurons of rats after OIH was induced by sustained morphine administration for 7 days. 

DRGs from the morphine-treated group demonstrated an increase in the amplitudes of 

inward currents induced by glutamate, with average amplitude of 47.2 ± 10.6 pA/pF 

compared to average amplitude of 15.3 ± 3.3 pA/pF from saline-treated DRGs (p ≤ 0.01, n = 

35, Fig. 2A). In DRGs from saline-treated rats, puff application of 1 mM glutamate induced 

inward currents in 37.1% of small diameter neurons, whereas in DRGs from morphine-

treated rats, glutamate induced inward currents in 84.2% of the small diameter neurons (p ≤ 

0.05, Chi square test, Fig.2B).

We then verified whether sustained morphine administration affected glutamate-induced 

currents in larger diameter neurons (> 30 μm). In larger neurons from DRGs (n=7 from 4 

DRGs) of the saline-treated group, 1 mM glutamate induced minimal inward currents, with 

an average current density of 0.15 ± 0.01 pA/pF. In large DRG neurons from the morphine-

treated group, glutamate-induced inward currents similarly showed an average density of 

0.17 ± 0.03 pA/pF (p > 0.05, 7 neurons from 3 DRGs, Fig.2C). Responsive percentages to 

glutamate in large neurons were comparable between saline- and morphine-treated rats (Fig. 

2D). Therefore, sustained morphine administration did not significantly impact glutamate-

induced currents in large diameter neurons.

To exclude the possibility that increased response to glutamate was due to opiate withdrawal, 

another batch of recordings were made in small diameter neurons after adding morphine 

(10μM) to the aCSF bathing the DRGs (8 small diameter neurons from 4 DRGs in the 

morphine treated group). With the presence of morphine in aCSF, the amplitudes of 

glutamate-induced currents were not different from those recorded when morphine was 

omitted from the bathing solution (data not shown).

 3.3 Sustained morphine administration upregulated GluN2B expressing NMDARs

Glutamate-induced currents in DRGs are mediated by several subtypes of glutamate 

receptors that include the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), 

NMDA, kainate (KA), and group I metabotropic glutamate receptors (group I mGluRs). The 

glutamate transporters can also generate glutamate-induced currents [40; 77].

To determine which specific glutamate subunit/subtype were involved in mediating changes 

in currents after morphine treatments, specific glutamate agonists and antagonists were used 

in patch clamp recordings.

In the morphine group the average amplitude of NMDA induced currents was greater than in 

saline controls (59.1 ± 11.0 pA/pF vs. 17.9 ± 3.6 pA/pF, n = 13 for each group, p ≤ 0.01, 

Fig. 3A), suggesting that the expression of NMDARs is increased after morphine treatment. 

The percentage of small neurons responding to NMDA, however, was similar in the 
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morphine and saline treated groups, 72.4% and 65.1% respectively (p >0.05, chi square test, 

Fig. 3B).

Given that NMDARs are expressed by DRG neurons of all sizes [54], we also analyzed 

NMDARs responses in larger diameter (> 30 μm) neurons. We found that in comparison to 

small diameter neurons, the amplitude of NMDA (100 μM) induced inward currents in 

larger neurons was much less and did not differ between saline and morphine treated 

animals. In the saline group, the average NMDA current density was 2.59 ± 0.56 pA/pF, 

whereas in the morphine group the current density was 1.89 ± 0.19 pA/pF (p = 0.256, Fig. 

3C). Similarly to what was observed in small neurons, the numbers of NMDA-responsive 

large diameter neurons did not increase after morphine treatment (Fig. 3D).

In contrast to NMDA, application of 100 μM AMPA or KA on small diameter neurons did 

not produce any significant difference in average current amplitude between saline and 

morphine groups (Fig. 4A and B). Similarly to NMDA, the percentage of responsive neurons 

remained unchanged (Fig. 4A and B). Finally, puff application of 1 mM DHPG, a specific 

agonist for group I mGluRs, did not induce significant changes in the average amplitude or 

responsive percentage between two groups (Fig. 4C). Overall, no significant changes were 

detected for non-NMDA glutamate receptors between the saline- and morphine-treated 

groups.

Previous studies have determined that the GluN2B subunit of the NMDAR is expressed 

mainly by small and medium diameter DRG neurons [50], and that GluN2B is involved in 

nociception and OIH [85; 90]. We performed Western blot to examine changes in GluN2B 

expression after morphine treatment. The housekeeping protein β-actin served as an internal 

control. The expression of the GluN2B subunit in DRGs from morphine-treated rats 

increased by 42.5 ± 15.6% compared to the saline group (p ≤ 0.05, n = 7, Fig. 5A). To 

evaluate the contribution of GluN2A subunit, we used an antibody that recognizes the 

GluN2A/2B subunits. Western blot analysis showed that relative expression ratio of 

GluN2A/B in morphine group was increased by 49.2 ± 16.1% (n = 7, p ≤ 0.05, Fig. 5B) but 

was not different from the increase shown with the GluN2B selective antibody, leading us to 

conclude that GluN2A did not increase.

Next, we determined if expression of GluN2C and GluN2D NMDAR subunits was altered in 

the DRGs after morphine treatment. The expression of GluN2C (n = 7/group, Fig. 5C) and 

GluN2D was not significantly different after morphine treatment (p > 0.05, n = 7/group, Fig. 

5D). Based on Western blot analysis from the DRGs, the GluN2B subunit emerged as the 

only NMDA subunit with a significant change in expression after sustained morphine 

administration.

 3.4 The GluN2B selective antagonist Ro 25-6981 prevented the increased response to 
NMDA and the hyperalgesia following sustained morphine administration

In order to determine if the increase in the GluN2B subunit of the NMDAR contributed to 

increased neuronal response to glutamate, we used the selective GluN2B antagonist Ro 

25-6981 during patch clamp recording on intact DRGs. We first established that run down 

effects or desensitization did not occur from repeated NMDA applications. The results 
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showed that NMDA-induced currents were only reduced to 98.7 ± 2.5% (p > 0.05) when 

NMDA was reapplied 10 min after the first application (data not shown). Then we found that 

in DRGs from control rats, bath application of Ro 25-6981 inhibited NMDA currents to 78.8 

± 4.1% of the original response. While in DRGs from morphine-treated rats, Ro 25-6981 

inhibited the NMDA-induced currents to 56.6 ± 4.0%, which was a significantly greater 

inhibition (p ≤ 0.01, n = 13/group, Fig. 6A and B).

In subsequent experiments, we tested the effects of in vivo administration of Ro 25-6981 on 

neuronal responses to application of NMDA. We co-administered morphine (15 mg/ml) + 

Ro 25-6981 (5 mg/kg) (n = 6) via a sub-cutaneous pump delivering 10 μl/h for one week. 

Control rats were treated with morphine (15 mg/ml; n = 8).Patch clamp recordings of small 

diameter neurons on intact DRGs showed that co-administration of Ro 25-6981 with 

morphine blocked the morphine associated increase in NMDA currents to 21.7 ± 3.2 pA/pF 

vs. 59.1 ± 11.0 pA/pF in the morphine treated group (p ≤ 0.01, Fig. 6C and D).

Next, we monitored the response to a thermal nociceptive stimulus in rats that were 

administered with the following solutions via a subcutaneous mini-osmotic pump: saline (n 

= 10), morphine (n = 8), morphine + Ro 25-6981 (n = 6), or saline + Ro 25-6981 (n = 6). 

Baseline withdrawal latencies to heat before pump implantation were similar for all rats in 

all treatment groups (6.6 ± 0.7, 6.3 ± 0.6, 7.9 ± 0.4, and 7.1 ± 0.6 s for saline, morphine, 

morphine + Ro 25-6981 and saline + Ro 25-6981 respectively).Mini-osmotic pumps were 

then implanted and withdrawal latencies continued to be measured daily. Four days after 

morphine treatment, the withdrawal latencies became shorter (82.1 ± 3.2% of their baseline, 

p < 0.05), a sign of OIH. In rats that were given morphine + Ro 25-6981, there was no 

thermal hyperalgesia and withdrawal latencies increased to 121.5 ± 13.2% of their baseline 

(Fig. 7, p < 0.05). From day 5 onwards, in the morphine group the withdrawal latencies 

decreased further relative to their baseline (78.5 ± 3.9% to 68.6 ± 5.8%, p < 0.05). While the 

morphine + Ro 25-6981 group continued to show sustained anti-nociception (126.4 ± 14.7% 

to 124.9 ± 5.7% of baseline, p < 0.01).In the saline alone and saline + Ro 25-6981 groups, 

the withdrawal latencies remained unchanged throughout the 7 day period (p > 0.05, 

compared with baseline). Intergroup comparisons show a separation of the four groups at 

day 4 (Fig. 7). The morphine treated animals developed decreased tolerance to nociceptive 

heat, whereas the morphine + Ro 25-6981 treated animals became less sensitive to the same 

stimulus.

 3.5 Sustained morphine administration upregulated EAAT3/sEAAC1 in DRGs

Glutamate currents generated in DRG neurons are mainly mediated by AMPA receptors, 

NMDA receptors, KA receptors and group I mGlu receptors [22; 42]. Accordingly we used 

selective antagonist CNQX (10 μM), APV (50 μM), and DL-AP3 (60 μM) to block all 

glutamate receptor-mediated currents. We reasoned that glutamate transporters would 

mediate the residual currents. In agreement with this notion, application of TBOA (100 μM), 

a specific glutamate transporter blocker, blocked 90.1% of the remaining currents.

Even after blocking the glutamate receptors the amplitude of glutamate-mediated inward 

currents was still greater in the morphine compared with saline treated group. The average 

amplitude of these currents in the saline group was 1.9 ± 0.5pA/pF (n = 12 neurons), 
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whereas in the morphine group the amplitude was 4.8 ± 0.6pA/pF (n= 18 neurons, p ≤ 0.01, 

Fig. 8A).

Furthermore, a greater percentage of neurons exhibited glutamate transporter currents 

following sustained morphine administration. In the saline group 38.0% of neurons were 

responsive, whereas in the morphine group, 83.9% of neurons were responsive (p ≤ 0.05; 

Fig. 8B). These data suggest that glutamate transporters in small diameter DRG neurons 

underlie some of the increases in inward currents and the responsive percentage change after 

sustained morphine administration.

In large diameter DRG neurons, glutamate transporter-mediated currents were much smaller 

than those seen in small diameter neurons. The average current density was 0.06 ± 0.01 

pA/pF in the large diameter neurons from the saline treated group. Morphine treatment did 

not change the average transporter current density, which remained at 0.07 ± 0.01 pA/pF (p 

> 0.05 from 6 large neurons/group).

Of the eight glutamate transporters, only three are consistently expressed in small diameter 

DRG neurons. These include the vesicular glutamate transporter 2 (VGLUT2), the vesicular 

glutamate transporter 3 (VGLUT3), and EAAT3/EAAC1 [51; 64; 70]. Since both VGLUT2 

and EAAT3/EAAC1 expression is associated with nociceptive transmission [20; 63], we 

used Western blot to assess for possible change in protein levels. Sustained morphine 

administration did not significantly change the expression of VGLUT2, which showed a 

relative expression ratio of 112.4 ± 17.1%, comparable to saline group (p > 0.05, Fig. 8C). 

For EAAT3/EAAC1, the relative expression in morphine group was increased to 136.5 

± 16.3% of the saline group (p ≤ 0.05, Fig. 8D). Taken together, this data suggests that 

increases in glutamate induced currents in small diameter neurons after sustained morphine 

treatment, is in part due to increased expression of the EAAT3/EAAC1.

 4. Discussion

The main finding of our study is that sustained morphine administration leads to increased 

excitability of small diameter, but not of larger (> 30 μm) DRG neurons. The increased 

neuronal excitability is accompanied by greater responses to glutamate that are mediated in 

part by the NMDARs, and the neuronal glutamate transporter EAAT3/EAAC1. The 

NMDAR GluN2B subunit is upregulated following morphine administration and appears to 

be critically involved in OIH.

 4.1 Morphine and small diameter DRG neurons

Clinically, repeated opiates administration leads to both tolerance and hyperalgesia [33; 45]. 

Tolerance is a common phenomenon associated with repeated opiate administration, where 

the medication becomes less effective over time and increasingly larger doses are required to 

relieve pain [33]. OIH is a paradoxical increase in pain sensitivity with morphine 

administration [3]. In contrast to tolerance, increasing the dose of opiates worsens OIH [45]. 

In our study, thermal nociceptive threshold, in otherwise normal animals, were progressively 

decreased even in presence of constant level of morphine, suggesting that this phenomenon 

is due to OIH (Fig. 7).
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Our data suggests that morphine induces OIH by a direct action on small diameter primary 

sensory neurons, many of which are nociceptive. Large diameter neurons that convey 

innocuous sensations, failed to display a change in excitability or glutamate-induced 

responses. This is consistent with clinical observations that OIH is an increase in nociceptive 

sensations whereas other senses are unchanged [32; 88]. Opiate receptors, especially the mu-

opiate receptor (MOR), are critically involved in OIH [17; 66; 86] and MOR-deficient mice 

are not hyperalgesic after opiate treatment [46]. We suggest that MORs on small diameter 

DRG neurons are instrumental in initiating OIH. This is supported by previous reports that 

in adult DRGs most MORs are expressed by small diameter neurons [5; 80]. Also MOR 

agonists impact the function of small, but not large diameter neurons. For instance calcium 

transport is altered [68], release of excitatory amino acids is increased [18; 76], and 

peripheral C and A-delta sensory fibers become more excitable [31].

Opiate receptor independent mechanisms may also be involved in OIH [67]. The Toll-like 

receptor 4 (TLR4) has been implicated in OIH [34]. In DRGs TLR4 is expressed by neurons 

rather than by glial cells [12; 74]. Binding of morphine or possibly its metabolite 

morphine-3-glucuronide (M3G) to TLR4 activates a cascade of events leading to greater 

neuronal excitability through an increased activity of sodium channels [12; 58; 60], transient 

receptor potential channels [15; 60; 61], and inflammatory mediators [12; 81]. Some of these 

events are likely contributors to the altered function of primary sensory neurons observed 

here.

 4.2 Role of GluN2B expressing NMDARs in OIH

Most of the reported data on morphine-induced changes in GluN2B expressing NMDARs 

and pain comes from studies in the CNS [38; 41; 47; 48; 85; 87; 90]. In OIH increased 

expression and phosphorylation of GluN2B containing NMDARs contributes to increased 

neural activity and pain behavior. Our data suggest that in the periphery, GluN2B expressing 

NMDARs also contribute to OIH and in that location they are potential targets for 

developing new therapeutics.

NMDARs comprise four subunits, including two constant GluN1 subunits and two GluN2 

and/or GluN3 subunits [79]. An increase in GluN2B is relevant to inflammatory, neuropathic 

or incisional pain [9; 37; 39; 84; 85]. Our western blot analysis of the DRGs revealed an 

upregulation of GluN2B following morphine administration, but not of other subunits (Fig. 

4). Since protein lysates from whole DRG include small and large neurons, as well as 

satellite glial cells, all of which express NMDARs [13; 42; 54], we used patch clamp 

recording to confirm neuron-specific upregulation. Patch clamp of DRG neurons confirmed 

that the GluN2B containing NMDARs were increased after morphine treatment, whereas 

AMPA, KA and mGluR1 receptor responses remained unchanged. This selective increase in 

GluN2B might be unique to opiate therapy as in other conditions such as nerve injury all 

glutamate receptors increase in the DRG [22].

Similarly to our observations for the DRGs, Zhao and colleagues found morphine induced 

increase in GluN2B expressing NMDAR current in primary afferent terminals in the spinal 

cord [90]. Also, blocking NMDARs in with the non-selective antagonist AP5 given 

intrathecally increases the analgesic effect of morphine [90]. We extended these findings by 
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showing that simultaneous administration of morphine and the GluN2B antagonist Ro 

25-6981 reverses OIH and enhances morphine analgesia.

Morphine-induced enhanced responses to glutamate probably results from greater surface 

expression of NMDARs and increased ion conductance through the channel portion of this 

receptor. In accordance, morphine promotes phosphorylation of NMDAR subunits and 

greater expression of GluN2B containing NMDARs at the membrane [19; 25; 28; 73; 90]. 

MOR and NMDAR interactions at the neuronal membrane would be key in these morphine-

induced changes [19]. Morphine binding to MOR leads to both an enhanced activity of 

NMDAR through PKC mediated phosphorylation of GluN1 and GluN2 (presumably 

contributing to OIH) and to a decreased activity of MOR (presumably contributing to opiate 

tolerance) [19]. Subunit diversity, in addition to phosphorylation, is another key determinant 

of NMDAR properties. The increased expression of the GluN2B subunit seen here is 

associated with greater conductance to Ca++ [55].

The function of NMDARs is modulated by polyamine [6; 56; 82; 83], which are organic 

compounds containing two or more primary amino groups. At physiological pH, polyamine 

can positively modulate NMDAR function by inhibiting GluN1-GluN2B channel function 

[56; 71]. Decreasing the polyamine levels in the diet can ameliorate hyperalgesic status by 

decreasing glutamate levels in the spinal cord [14] and potentiate the analgesic effect of 

morphine [59]. Using models of hyperalgesia (inflammatory, post-incision, neuropathic, 

OIH, and non-nociceptive environmental stress), Rivat and colleagues showed that a 

polyamine-deficient diet prevented phosphorylation on tyrosine residues of the GluN2B 

subunit and inhibited the appearance of hyperalgesia [59]. Our observation here that the 

GluN2B selective antagonist Ro 25-6981 prevented the development of OIH is similar to the 

findings with a polyamine-deficient diet [59]. While Rivat and colleagues used spinal cord 

tissue to measure levels of GluN2B phosphorylation, it might be possible that a polyamine-

deficient diet counters OIH as well via altered tyrosine phosphorylation of the GluN2B 

subunits in DRG. Taken together, these data suggest that the modulation of GluN2B subunit 

is key in regulating OIH.

 4.3 The role of glutamate transporters in OIH

Sustained morphine administration leads to a down-regulation of glutamate transporters, 

especially the glial transporters GLAST and GLT1, resulting in elevation of extracellular 

glutamate [53; 69]. In the DRG this additional glutamate is associated with a NMDAR 

mediated increased excitability of sensory neurons [44]. At variance with previous reports, 

we observed that sustained morphine lead to an increase expression of neuronal EAAC1/

EAAT3 together with a rise in glutamate induced transporter currents. These currents are 

generated by the co-transport of one negatively charged glutamate with 3 Na+ and 1H+ ions 

in the cell in exchange for one K+ out of the cell resulting in a net entry of two positive 

charges across the membrane [40]. Normally, EAAC1/EAAT3 accounts for only 20% of the 

glutamate reuptake in the striatum [62]. This percentage is likely to increase with morphine-

induced inhibition of GLAST and GLT1 leading to an increment of transient depolarizing 

currents associated with EAAC1/EAAT3 activity. The impact of these altered transporter 
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currents on primary sensory neuron excitability has not been reported and will need to be 

studied further to determine how it could contribute to nociception.

 5. Conclusions

The finding that the peripheral nervous system is involved in OIH opens new avenues to 

prevent this and other unwanted effects of opiates such as tolerance, which could be 

improved by blocking peripheral NMDARs [10]. Brain non-penetrant NMDAR antagonists 

would avoid many of the unwanted CNS side effects of the current drugs such as ketamine. 

Given that peripheral opiate receptors contribute substantially to opiate analgesia [35], the 

combination of a peripherally acting opiate agonist with a NMDAR antagonists might offer 

better and more durable analgesia.
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Fig. 1. 
Sustained morphine administration for 1 week induced the hyper-excitability of the small 

diameter neurons (≤ 30 μm) in DRGs, but had no significant effects on larger neurons (> 30 

μm). (A, B) Representative recording traces used to measure the rheobase of small neurons 

from saline and morphine treated rats. (C) Histogram comparing the rheobase in saline (Sal) 

and morphine (Mor) treated rats. Statistical analysis showed that the rheobase was 

significant lower in morphine compared to saline treated rats. (D, E) Representative traces 

used to measure the membrane threshold (MT) in small neurons from saline and morphine 

treated rats. Membrane threshold (F) was significant lower and the number of spikes (G) was 

greater for small neurons in morphine compared to saline treated rats. There was no 

significant difference in rheobase (H), membrane threshold (I) and resting membrane 

potential (J) in large neurons between saline and morphine treated rats. MT, membrane 

threshold; RMP, resting membrane potential. * p ≤ 0.05, ***, p ≤ 0.001. Integers in each 

column represent sample numbers.
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Fig. 2. 
Small diameter DRG neurons (≤ 30 μm) showed an increased response to glutamate in the 

morphine (Mor) group compared to saline (Sal). (A) Upper: Representative traces induced 

by glutamate (1 mM) puff application on small diameter neurons from saline (left) and 

morphine (right) treated rats. Lower: Histogram comparing the currents in saline and 

morphine treated rats. Statistical analysis showed that glutamate induced larger inward 

currents in neurons from morphine treated rats. (B) More neurons were responsive to 

glutamate in morphine treated rats compared with saline. (C) No differences were discerned 

in the responses of large diameter neurons (> 30 μm) to glutamate application between 

morphine and saline treated rats. Of note, compared with small diameter DRG neurons large 

neurons exhibited much smaller glutamate induced currents. (D) No difference was 

discerned in responsive percentage of large neurons to glutamate between morphine and 

saline treated rats. *, p ≤ 0.05, **, p ≤ 0.01. Integers in each column represent sample 

numbers.
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Fig. 3. 
Sustained morphine administration induced an up-regulation of NMDARs. (A) Upper: 

representative current traces induced by NMDA (100 μM) puff application on small 

diameter neurons (≤ 30 μm) from saline (left) and morphine (right) treated rats. Lower: 

Histogram comparing the currents in saline (Sal) and morphine (Mor) treated rats. Statistical 

analysis showed that NMDA induced larger inward currents in neurons from morphine 

treated compared with saline treated rats. (B) No significant changes in the percentage of 

small diameter neurons responsive to NMDA were detected between saline and morphine 

treated rats. (C) No significant differences were discerned in the responses of large diameter 

neurons (> 30 μm) to NMDA application between morphine and saline treated rats. Of note, 

compared with small diameter DRG neurons, large neurons exhibited much smaller NMDA 

induced currents. (D) No difference was discerned in percentage of large neurons responsive 

to NMDA between morphine and saline treated rats. *, p ≤ 0.05, **, p ≤ 0.01. Integers in 

each column represent sample numbers.
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Fig. 4. 
Histograms showing the effect of AMPA, KA, and DHPG puff application on small diameter 

neurons (≤ 30 μm) in saline (Sal) vs. morphine (Mor) treated rats. Sustained morphine 

administration had no effect on AMPA (100 μM, A), KA (100 μM, B) or DHPG (1 mM, C) 

induced currents in small diameter DRG neurons (≤ 30 μm) or on the percentage of 

responsive neurons compared with saline treated rats. Integers in each column represent 

sample numbers.
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Fig. 5. 
Sustained morphine administration specifically up-regulated GluN2B, but not other 

NMDAR subunits. (A) Western blots: representative blots for GluN2B NMDAR subunits in 

DRGs from saline (Sal) and morphine (Mor) treated rats. Histogram: Statistical analysis 

showed that there was up-regulation of GluN2B subunits in the DRGs from morphine 

treated rats. (B) Western blots: representative blots for GluN2A/B NMDARs subunits in 

DRGs from saline and morphine treated rats. Histogram: Statistical analysis showed that 

there was up-regulation of GluN2A/B subunits in DRGs from morphine treated rats. Western 

blot analysis did not reveal any significant difference in GluN2C (C) or GluN2D (D) 

subunits expression between saline and morphine treated rats. Sal, Saline treated group; 

Mor, Morphine treated group. *, p ≤ 0.05; **, p ≤ 0.01. Integers in each column represent 

sample numbers.
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Fig. 6. 
Both in vitro and in vivo application of the GluN2B selective antagonist Ro 25-6981 

inhibited NMDA induced currents more prominently in morphine (Mor) treated rats than in 

controls (Sal). (A) Upper: representative currents induced by NMDA application before and 

after bath application of Ro 25-6981 in small diameter DRG neurons (≤ 30 μm) from saline 

treated rats. Lower: Currents recorded in small DRG neurons from morphine treated rats. 

(B) Histogram showing the inhibitory effect of Ro 25-6981 in morphine vs. saline treated 

rats (** p ≤ 0.01). (C) Left: representative trace shows NMDA induced current in a small 

DRG neuron from a morphine treated rat. Right: NMDA induced current in a small DRG 

neuron from a morphine + Ro 25-6981 treated rat. (D) Application of Ro 25-6981 blocked 

the enhancement of NMDA induced currents in small DRG neurons caused by morphine 

administration (**, p ≤ 0.01). Integers in each column represent sample numbers.
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Fig. 7. 
Thermal withdrawal threshold measured in vivo with the Hargreaves heat plantar test. 

Starting 4 days after the pump implantation, morphine treated rats showed thermal 

hyperalgesia. Co-administration of morphine and Ro 25-6981 (Mor + Ro 25-6981) blocked 

the hyperalgesic effect and enhanced the antinociceptive effect of morphine. * p ≤ 0.05; ** p 

≤ 0.01, morphine vs. saline or saline + Ro 25-6981; #, p ≤ 0.05; ##, p ≤ 0.01, morphine + Ro 

25-6981 vs. morphine. &, p< 0.05, morphine + Ro 25-6981 vs. saline or saline + Ro 

25-6981. N = 10 for saline group, n = 8 for morphine group and n = 6 for Morphine + Ro 

25-6981 or saline + Ro 25-6981. In the axis the time post-pump implantation are indicated 

from day 1 (D1) to day 7 (D7). D0 is day of the pump implantation and the paw withdrawal 

threshold (PWT) on that day (100%) represents the baseline paw withdrawal value.
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Fig. 8. 
Sustained morphine administration induced an up-regulation of the glutamate transporter 

EAAT3/EAAC1 but not of VGLUT2. (A) Patch clamp data. Upper: representative current 

traces induced by glutamate (1 mM) puff application in the presence of APV (50 μM), 

CNQX (10 μM) and DL-AP3 (60 μM) on small diameter neurons (≤ 30 μm) from saline 

(left) and morphine (right) treated rats. Lower: histogram comparing glutamate transporter 

currents in saline (Sal) and morphine (Mor) treated rats. Statistical analysis showed that 

there was larger glutamate transporter mediated inward currents in neurons from morphine 

compared to saline treated rats. (B) Patch clamp data. In addition, when transporter currents 

were isolated, more neurons were responsive to glutamate in morphine treated compare to 

saline treated rats. (C) Western blots. Upper: representative blots for VGLUT2 in DRGs 

from saline (Sal) and morphine (Mor) treated rats. Lower: histogram comparing VGLUT2 

expression in saline (Sal) and morphine (Mor) treated rats. Statistical analysis showed that 

there was no change in expression of VGLUT2 in the DRGs from morphine compared to 

saline treated rats. (D) Western blots. Upper: representative blots for EAAT3/EAAC1 in 

DRGs from saline (Sal) and morphine (Mor) treated rats. Lower: histogram comparing 

EAAT3/EAAC1 expression in saline (Sal) and morphine (Mor) treated rats. Statistical 

analysis showed that there was increased expression of EAAT3/EAAC1 in DRGs from 
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morphine compared to saline treated rats. *, p ≤ 0.05; **, p ≤ 0.01. Integers in each column 

represent sample numbers.
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