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Functional � Opioid Receptors Are Reduced in the Spinal
Cord Dorsal Horn of Diabetic Rats
Shao-Rui Chen, M.D.,* Kristi L. Sweigart, B.S.,† Joan M. Lakoski, Ph.D.,‡ Hui-Lin Pan, M.D., Ph.D.§

Background: The mechanisms of decreased spinal analgesic
potency of morphine in neuropathic pain are not fully known.
Agonist-stimulated [35S]GTP�S receptor autoradiography has
been used to measure receptor activation of G proteins in vitro.
Using this technique, we determined changes in the functional
� opioid receptors in the spinal dorsal horn in diabetic rats.

Methods: Rats were rendered diabetic with an intraperitoneal
injection of streptozotocin. The lumbar spinal cord was ob-
tained from age-matched normal and diabetic rats 4 weeks after
streptozotocin treatment. [D-Ala2,N-MePhe4,Gly5-ol]-enkephalin
(DAMGO, 10 �M)-stimulated [35S]GTP�S binding was performed
in both tissue sections and isolated membranes.

Results: The DAMGO-stimulated [35S]GTP�S binding in the
spinal dorsal horn was significantly reduced (approximately
37%) in diabetic rats compared with normal rats. However,
[35S]GTP�S bindings in the spinal dorsal horn stimulated by
other G protein-coupled receptor agonists, including [D-Pen2,D-
Pen5]-enkephalin, R(�)N6-(2-phenylisopropyl)-adenosine, and
WIN-55212, were not significantly altered in diabetic rats. The
basal [35S]GTP�S binding in the spinal dorsal horn was slightly
(approximately 13%) but significantly increased in diabetic
rats. Western blot analysis revealed no significant difference in
the expression of the � subunits of Gi and Go proteins in the
dorsal spinal cord between normal and diabetic rats.

Conclusions: These data suggest that the functional � opioid
receptors in the spinal cord dorsal horn of diabetic rats are
reduced. The impaired functional � opioid receptors in the
spinal cord may constitute one of the mechanisms underlying
the reduced spinal analgesic effect of � opioids in diabetic
neuropathic pain.

DIABETIC neuropathy is a common late complication of
diabetes and is frequently painful, with the pain involv-
ing predominantly the distal extremities.1–3 Pain associ-
ated with diabetic neuropathy can occur either sponta-
neously or as a result of exposure to only mildly painful
stimuli (hyperalgesia) or to stimuli not normally per-
ceived as painful (allodynia).1,3 Opioids are widely used
to treat patients with acute and chronic pain. However,
diabetic neuropathic pain is often resistant to opioid
analgesics.3,4 For instance, many animal and human stud-
ies have shown a decreased analgesic potency of �
opioid agonists in diabetic neuropathic pain.5–8 A previ-
ous study suggests that there is no significant difference

in the � opioid receptor binding in the whole brain
homogenate between normal and diabetic rats and that
the decreased potency of systemic morphine may be
related to altered distribution and clearance kinetics in
diabetic rats.9 We recently found that the inhibitory
effect of morphine on spinothalamic tract neurons is
substantially reduced in diabetic rats,10 suggesting inad-
equate presence or dysfunction of � opioid receptors in
the spinal cord dorsal horn in diabetes. Although some
studies have shown a reduction in spinal � opioid re-
ceptors following peripheral nerve ligation,11,12 changes
in functional � opioid receptors in the spinal cord in
diabetic neuropathy have not been studied previously.

The � opioid receptor signal transduction system re-
quires activation of pertussis toxin-sensitive Gi and Go

proteins.13,14 After coupling to the inhibitory G proteins,
� opioid agonists elicit biologic actions through de-
creased production of cAMP, opening of G protein-
gated, inwardly rectifying potassium channels, and clos-
ing of voltage-gated calcium channels.15,16 The
development of [35S]GTP�S autoradiography provides
an important means for anatomic localization of recep-
tor-activated G proteins in vitro.17 The agonist-induced
stimulation of [35S]GTP�S binding to the � subunit of G
proteins is based on the G protein activation cycle.
Unlike the traditional receptor autoradiograph binding,
the [35S]GTP�S binding is a functional assay of receptors
since it measures an intracellular signal transduction
system coupled to a membrane-bound receptor. Using
this technique, it has been shown that the functional �
opioid receptors are highly concentrated in the superfi-
cial dorsal horn of the spinal cord.18 In the present
study, we tested a hypothesis that diabetic neuropathy is
associated with a reduction in functional � opioid recep-
tors in the spinal cord dorsal horn. Also, since alterations
of inhibitory G protein concentrations may account for
the change of functional � opioid receptors in diabetes,
the expression of � subunits of Gi- and Go-type G pro-
teins that mediate the signaling of activation of � opioid
receptors was measured in the dorsal spinal cord of
normal and diabetic rats.

Materials and Methods

Induction of Diabetes
Male Sprague-Dawley rats (Harlan, Indianapolis, IN)

initially weighing 220–250 g were used in this study.
The experimental protocols were approved by the Ani-
mal Care and Use Committee of the Penn State Univer-
sity College of Medicine. Diabetes was induced by a
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single intraperitoneal injection of 50 mg/kg of strepto-
zotocin (Sigma, St. Louis, MO) freshly dissolved in 0.9%
sterile saline.10,19 One week later, diabetes was con-
firmed in streptozotocin-injected rats by measuring
plasma glucose concentrations (�350 mg/dl) in blood
samples obtained from the tail vein. The glucose con-
centration was assayed enzymatically using Sigma diag-
nostic glucose reagents, and the colorimetric absorbance
readings were performed at 450 nm using a microplate
spectrophotometer (SPECTRAmax Plus, Molecular De-
vices Co., Sunnyvale, CA). This experimental model of
diabetes (Type I diabetes) has been used as a relevant
model of chronic neuropathic pain, and it shows a poor
response to opioids administered systemically or intra-
thecally.6,8,20,21 Previous studies have demonstrated that
this method induces reproducible and reliable mechan-
ical hyperalgesia and allodynia within 3 weeks, which
last for at least 6 weeks after streptozotocin injec-
tion.6,8,20,21 Age-matched normal (controls) and diabetic
rats 4 weeks after streptozotocin treatment were used in
this study. Mechanical allodynia was confirmed in all
diabetic rats using calibrated von Frey filaments.10,19

Autoradiography of Agonist-stimulated [35S]GTP�S
Binding in Spinal Cord Sections
The lumbar spinal cord was rapidly removed from rats

through limited laminectomy using halothane anesthe-
sia. The tissue was frozen in a mixture of isopentane and
dry ice, and kept at �80°C. Coronal sections (20 �m) of
the lumbar spinal cord were cut on a cryostat at �20°C
(OTF5000, Bright Instrument, Cambridgeshire, En-
gland). The sections were mounted on gelatin-subbed
slides, rinsed in assay buffer (50 mM Tris-HCl, 3 mM

MgCl2, 0.2 mM EGTA, 100 mM NaCl, pH 7.4) at 25°C for
10 min, followed by a 15 min preincubation in assay
buffer containing 2 mM GDP and 10 mU/ml adenosine
deaminase at 25°C. The sections were then incubated in
assay buffer with 2 mM GDP, 10 mU/ml adenosine deami-
nase and 0.04 nM [35S]GTP�S (PerkinElmer Life Sciences
Inc., Boston, MA), with (stimulated) or without (basal)
agonists at 25°C for 2 h. As previously described,18

agonists were used at maximally-effective concentra-
tions, which include [D-Ala,2N-MePhe,4Gly5-ol]-enkepha-
lin (DAMGO,10 �M, a � opioid receptor agonist),
[D-Pen,2D-Pen5]-enkephalin (DPDPE, 3 �M, a � opioid
receptor agonist), R(�) N6-(2-phenylisopropyl)-adeno-
sine (PIA, 1 �M, an adenosine A1 agonist), and WIN-
55212 (10 �M, a cannabinoid CB1 agonist). Higher con-
centrations of receptor agonists were used because a
higher concentration of GDP was required to reduce the
basal [35S]GTP�S binding using this technique. All the
receptor agonists used in this study were obtained from
RBI-Sigma (St. Louis, MO). After incubation, slides were
rinsed twice in cold Tris buffer (50 mM Tris-HCl, pH 7.0)
for 2 min and once in deionized water for 30 s. The

sections were dried at room temperature overnight and
exposed to the Kodak MR-1 film for 72–96 h in cassettes
containing [14C] standards (Amersham, Piscataway, NJ)
for densitometric analysis. After the films were devel-
oped and digitized into a computer, the regions of inter-
est in the dorsal spinal cord were analyzed densitometri-
cally using an imaging analysis program (AIS, Imaging
Research Inc., St. Catharine, Ontario, Canada). The op-
tical density in the sections was analyzed by drawing
regional boundaries to select the appropriate area of
interest (laminae I-III). The area of increased binding was
first visualized and defined in agonist-stimulated normal
spinal cord section, and then it was applied to the
corresponding nonstimulated sections and sections from
the diabetic rats. Values were corrected for [35S] based
on incorporation of [35S] into sections of frozen brain
paste, and correction factors were used to convert [14C]
values to [35S] data.17,18 The net agonist-stimulated
[35S]GTP�S binding was calculated by subtracting the
basal binding from the agonist-stimulated binding. Data
were expressed as nCi [35S]GTP�S/g tissue.

DAMGO-stimulated [35S]GTP�S Binding in Spinal
Cord Membranes
To further confirm the finding from the autoradio-

graphic experiment that spinal functional � opioid re-
ceptors were reduced in diabetic rats, the DAMGO-stim-
ulated [35S]GTP�S binding was also performed using
isolated membranes. The dorsal spinal cord tissue was
homogenized in cold membrane buffer (50 mM Tris-HCl,
3 mM MgCl2, 1 mM EGTA, pH 7.4) and centrifuged at
48,000 � g for 10 min at 4°C. Pellets were resuspended
in the membrane buffer and centrifuged again under
identical conditions. After centrifugation, pellets were
homogenized in assay buffer (50 mM Tris-HCl, 3 mM

MgCl2, 0.2 mM EGTA, 100 mM NaCl, pH 7.7) and mea-
sured for protein content. Concentration-effect curves of
the DAMGO-stimulated [35S]GTP�S binding included
0.1–10 �M DAMGO with and without 1 �M D-Phe-Cys-
Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP, a � opioid recep-
tor antagonist), 30 PM GDP, 0.05 nM [35S]GTP�S, 4
mU/ml adenosine deaminase, 20 �g protein, and assay
buffer in a final volume of 1 ml.17,18 The basal binding
was determined in the presence of GDP and absence of
agonists, and the nonspecific binding was assessed in the
presence of 10 �M GTP�S. After incubation for 1 h at
30°C, reactions were terminated by rapid filtration (Bran-
del, Gaithersburg, MD) through Whatman GF/B glass
fiber filters followed by three washes with 3 ml cold Tris
buffer (50 mM Tris-HCl, pH 7.7). Bound radioactivity was
determined by the liquid scintillation counter (LS 6500,
Beckman Coulter, Inc., Fullerton, CA) after overnight
extraction of the filter in 4 ml scintillation fluid.
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Western Immunoblot of G protein � Subunits in
the Dorsal Spinal Cord
To further determine if the inhibitory G protein con-

centrations in the dorsal spinal cord are altered in dia-
betic rats, expression of � subunits of Gi and Go proteins
was assessed in the dorsal spinal cord obtained from
control and diabetic rats (n � 6 in each group) 4 weeks
after streptozotocin injection. The dorsal spinal cord was
rapidly removed from rats through laminectomy using
halothane anesthesia. Protein concentrations of homog-
enized tissues from each animal were measured, and
SDS/polyacrylamide gel electrophoresis (12% running,
6% stacking gel) was performed using 60 �g of protein
per lane. Each run included molecular weight markers
and tissues from a pair of diabetic and age-matched
control animals. The proteins were electrophoretically
transferred onto nitrocellular membranes, as we de-
scribed previously.22 Immunoblots were performed us-
ing the specific rabbit polyclonal antisera against the �
subunits of Gi1 (Gi�1/Gi�2, 1:1000), Gi3 (Gi�3/G0�,
1:1000), and G0 (G0/1/G0�; 1:1000) (PerkinElmer Life
Sciences Inc., Boston, MA).23,24 The membranes were
washed twice with the PBS buffer containing 0.05%
Tween 20 and then treated with alkaline phosphatase-
conjugated goat antirabbit antibody (1:2000, Jackson Im-
munoResearch, West Grove, PA). The protein bands
were developed with BCIP/NBT and analyzed densito-
metrically using an imaging analysis program (AIS, Imag-
ing Research Inc., St. Catharine, Ontario, Canada). To
minimize interrun variability, the pixel density of bands
from diabetic animals were expressed as the percentage
difference compared with age-matched controls run on
the same gel using the formula: [(diabetic/control)�1]
� 100.

Data are presented in mean � SEM of at least four
separate experiments, each performed in 15–20 sections
(autoradiography) or triplicate (membrane bindings).
Percent stimulation was calculated as: (net stimulated
binding/basal binding) � 100%. Differences in the
[35S]GTP�S binding and G protein expression in the
spinal cord between the normal and diabetic rats were
compared by either Student t test or repeat measures

analysis of variance followed by Tukey post hoc test
(Prism, GraphPad Software, San Diego, CA). P � 0.05
was considered statistically significant.

Results

The diabetic rats developed hyperglycemia within 1
week after streptozotocin injection; these rats displayed
polyuria, a reduced growth rate, and a marked increase
in food and water intake. The paw-withdrawal threshold
in response to von Frey filaments was 26.5 � 0.9 g
before streptozotocin treatment in all diabetic rats used
for this study. The mechanical threshold decreased sig-
nificantly (4.4 � 0.5 g, P � 0.05) 4 weeks after strepto-
zotocin injection.

Autoradiography of Agonist-stimulated [35S]GTP�S
Binding in Spinal Cord Sections
In normal rats, the [35S]GTP�S binding stimulated by

the agonists used, including DAMGO and DPDPE, was
highly concentrated in the superficial dorsal horn of the
spinal cord (fig. 1), similar to findings reported recent-
ly.18 Densitometric measurement of the autoradiograms
revealed that the basal [35S]GTP�S binding was slightly
(approximately 13%) but significantly increased in the
spinal dorsal horn of diabetic rats compared to that in
normal rats (figs. 1 and 2; n � 5 in each group). The net
DAMGO-stimulated [35S]GTP�S binding in the spinal
cord dorsal horn was reduced by 37% in diabetic rats,
which was significantly different from that in normal rats
(figs. 1 and 2). By contrast, the [35S]GTP�S bindings
stimulated by DPDPE, PIA, and WIN-55212 in the spinal
dorsal horn of diabetic rats did not differ significantly
from those in normal rats (fig. 2).

DAMGO-stimulated [35S]GTP�S Binding in Spinal
Cord Membranes
To further confirm the changes of functional � opioid

receptors in the spinal cord caused by diabetes, the
[35S]GTP�S binding stimulated by DAMGO was also per-
formed using isolated membranes from lumbar spinal

Fig. 1. Representative autoradiograms of
the basal and DAMGO ([D-Ala,2N-
MePhe,4Gly5-ol]-enkephalin,10 �M)- or
DPDPE ([D-Pen,2 D-Pen5]-enkephalin,3
�M)-stimulated [35S]GTP�S binding in the
lumbar spinal cord from a normal and a
diabetic rat. Note that the tissue sections
were presented with the pseudocolor
scale for better visualization of the den-
sity changes in the spinal dorsal horn.
The density indication bar is shown on
the right side.
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cords of normal and diabetic rats (n � 4 in each group).
The concentration-effect curve for the DAMGO-stimu-
lated [35S]GTP�S binding in spinal cord membranes is
shown in figure 3. The DAMGO-stimulated [35S]GTP�S
binding was completely blocked by 1 �M CTAP (data not
shown). Compared to that in normal rats, the DAMGO-
stimulated [35S]GTP�S binding was significantly attenu-
ated in diabetic rats at concentrations greater than 0.5
�M (fig. 3). The basal [35S]GTP�S binding was also sig-
nificantly higher in diabetic rats than normal rats (56.3 �
3.0 vs. 49.5 � 2.3 fmol/mg protein, P � 0.05).

Expression of G protein � Subunits in the Dorsal
Spinal Cord
The representative immunoblots for the � subunits of

Gi1, Gi3, and Go proteins were shown in figure 4. Com-
pared to that in normal rats, the density of the protein

band for the � subunits of Gi1 (�5.1 � 0.7%), Gi3 (6.9 �
0.6%), and Go (�4.6 � 0.6%) in the dorsal spinal cord of
diabetic rats was not significantly altered (n � 6 in each
group).

Discussion

In the current study, we determined the potential
changes of functional � opioid receptors in the spinal
cord dorsal horn in a rat model of diabetic neuropathic
pain. For quantitative assessment of functional � opioid
receptors, the DAMGO-stimulated [35S]GTP�S bindings
in both isolated membranes and tissue sections were
studied. We observed that the basal [35S]GTP�S binding
was slightly increased in the dorsal spinal cord in dia-
betic rats. The important finding from the present study

Fig. 2. Changes in basal (A) and agonist-stimulated [35S]GTP�S bindings (B) in the dorsal horn of spinal cord sections from normal
and diabetic rats (n � 5 in each group). The data (mean � SEM) in B are expressed as the percentage of basal [35S]GTP�S binding,
as determined from densitometric analysis of autoradiograms. DAMGO: [D-Ala,2N-MePhe,4Gly5-ol]-enkephalin, 10 �M; DPDPE:
[D-Pen,2D-Pen5]-enkephalin, 3 �M; PIA: R(�)N6-(2-phenylisopropyl) -adenosine, 1 �M; WIN: WIN-55212, 10 �M. *P < 0.05 compared
to the corresponding normal group.
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was that the DAMGO-stimulated [35S]GTP�S binding was
significantly reduced in the spinal dorsal horn of diabetic
compared with normal rats. However, the expression
level of Gi- and Go-type G proteins was not significantly
altered in the dorsal spinal cord of diabetic rats. There-
fore, these data support the hypothesis that the func-
tional � opioid receptors in the spinal dorsal horn are
reduced in diabetes.

The spinal cord is an important site for modulation of
nociception by � opioid receptors. Previous studies
have shown that the analgesic potency of morphine and
fentanyl are reduced in diabetic animals and pa-
tients.5,7,8,20 In a recent study, we found that the inhib-
itory effect of intravenous morphine on the evoked re-
sponses of spinal dorsal horn neurons to noxious stimuli
was largely diminished in diabetic animals.10 Thus, the

Fig. 3. Concentration-effect curve for the DAMGO-stimulated [35S]GTP�S binding in the spinal cord membrane obtained from normal
and diabetic rats 4 weeks after streptozotocin injection. The data are expressed as the percentage of basal [35S]GTP�S binding (mean
� SEM, n � 4 in each group). *P < 0.05 compared with the value in the normal group at the same concentration of DAMGO. The basal
[35S]GTP�S binding was significantly higher in diabetic rats than normal rats (56.3 � 3.0 vs. 49.5 � 2.3 fmol/mg protein).

Fig. 4. Representative Western blots
showing similar expression levels of �
subunits of Gi1 (M.W.� 41 kd), Gi3 (M.W.�
41 kd), and Go (M.W.� 39 kd) proteins in
the dorsal spinal cord from one normal
and one diabetic rat.
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attenuated inhibitory effect of morphine on dorsal horn
neurons in diabetes may be due to altered � opioid
receptors or their signal transduction system in the spi-
nal cord. However, alteration of G protein activation by
� opioid receptors in the spinal cord in the animal model
of diabetes has not previously been investigated. The
agonist-stimulated [35S]GTP�S binding was used in this
study since activation of G proteins by G protein-cou-
pled receptors in discrete areas can be precisely local-
ized and measured with this technique. The develop-
ment of an assay for agonist-stimulated [35S]GTP�S
binding in tissue sections allows the visualization of
receptor-activated G proteins in specific tissue re-
gions.17,18 The [35S]GTP�S assay is based on the princi-
ple that the inactive state of the G protein � subunit has
a relatively high affinity for GDP over GTP, whereas
activation of a receptor by its agonist shifts the � subunit
into a higher affinity for GTP versus GDP. The
[35S]GTP�S is a hydrolysis-resistant form of GTP, and the
degree to which an agonist stimulates the [35S]GTP�S
binding can be measured in tissue sections or mem-
branes.17,25 A number of G protein-coupled receptors
have been localized in the spinal cord by the agonist-
stimulated [35S]GTP�S autoradiography, including � and
� opioid, adenosine A1, and cannabinoid CB1 recep-
tors.18 These data complement findings from traditional
receptor autoradiography because they provide informa-
tion not only about the location of the receptor, but also
its activation of G proteins. In this study, we observed a
small but consistent increase in the basal [35S]GTP�S
binding in the spinal dorsal horn in diabetic rats. It is
uncertain what causes the increased basal [35S]GTP�S
binding in the dorsal spinal cord in diabetes. Since the
[35S]GTP�S binding assay primarily measures receptors
coupled to Gi and Go,17,18 we also examined the poten-
tial changes in the � subunits of Gi and Go proteins in the
dorsal spinal cord. We found that the expression level of
� subunits of inhibitory G proteins (Gi and Go) in the
lumbar spinal cord was similar in normal and diabetic
rats. Thus, it is less likely that the increased basal
[35S]GTP�S binding is due to an increase in the inhibi-
tory G protein expression in the spinal cord in diabetes.
Further studies are warranted to determine if changes in
the affinity of G proteins for GTP and GDP contribute to
the increased basal [35S]GTP�S binding in the spinal
dorsal horn in diabetes.

In the current study, we observed a significant reduc-
tion (37%) in the DAMGO-stimulated [35S]GTP�S binding
in the spinal cord dorsal horn in diabetic rats, which may
partially account for the decreased analgesic action of
morphine on diabetic neuropathic pain. Consistent with
the autoradiographic data, the membrane binding exper-
iments also showed a similar magnitude of reduction in
the maximal DAMGO-stimulated [35S]GTP�S binding in
the dorsal spinal cord in diabetic rats compared with
normal rats. We found that attenuation of the DAMGO-

stimulated [35S]GTP�S binding was especially prominent
at higher DAMGO concentrations. These data suggest
that the functional � opioid receptors in the spinal
dorsal horn may be decreased in rats with diabetic neu-
ropathy. Importantly, the [35S]GTP�S bindings in the
spinal cord dorsal horn stimulated by other G protein-
coupled receptor agonists, including DPDPE, PIA, and
WIN55212, were not significantly altered in diabetic
rats. With the diabetics having a slightly higher basal
binding than normal controls, a portion of the decreased
DAMGO-stimulated [35S]GTP�S activity could be ac-
counted for by the increased basal [35S]GTP�S binding.
However, the significant decrease (37%) in the net
DAMGO-stimulated [35S]GTP�S binding in the spinal
cord dorsal horn in diabetic rats could not be fully
explained by a small increase (13%) in the basal
[35S]GTP�S binding in the spinal cord of diabetic rats.
The � opioid receptor is coupled to Gi- and Go-type G
proteins.13,14 Using the Western blot analysis of the �
subunit of Gi and Go, we found no significant difference
in the expression of the types of inhibitory G proteins
that preferentially couple to the opioid receptor in the
dorsal spinal cord between normal and diabetic rats. As
a result, it is unlikely that attenuation in the DAMGO-
stimulated [35S]GTP�S binding in the spinal cord dorsal
horn in diabetic rats is due to a decrease in the expres-
sion of inhibitory G proteins.

The observed selective reduction in functional �, but
not �, opioid receptors in the spinal dorsal horn in
diabetes is supported by the behavioral studies showing
that morphine analgesia is reduced, while DPDPE-pro-
duced analgesia is not altered in diabetic animals.8,21,26

Our conclusion that the functional � opioid receptor is
reduced in the spinal cord dorsal horn in diabetes is
solely based on the significant decrease in the DAMGO-
stimulated [35S]GTP�S binding in the spinal cord of dia-
betic rats. It is important to acknowledge that the de-
creased [35S]GTP�S binding stimulated by DAMGO in
diabetes could be due to impairment of � receptor-G
protein coupling and/or alteration of � opioid receptor
density and affinity. Future studies are required to delin-
eate the precise causes for the reduced DAMGO-stimu-
lated [35S]GTP�S binding in the spinal cord dorsal horn
in diabetes. Furthermore, Zurek et al. have shown a
complete resistance to fentanyl when the drug is re-
stricted to act only at the spinal cord level in diabetes.8

Thus, partial loss of functional � opioid receptors may
not account fully for the diminished analgesic effect of �
opioids. Other mechanisms, such as impaired regulation
of cytosolic calcium also may be involved in the loss of
the action of � opioids in diabetes.27 In addition, a
recent study suggests that insulin can affect phosphory-
lation of � opioid receptors and G protein coupling
efficacy.28 In this regard, alteration of tyrosine phosphor-
ylation state of � opioid receptors due to insulin defi-
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ciency in diabetes could constitute an additional mech-
anism of the reduced analgesic efficacy of � opioids.

In summary, we found in the present study that the
[35S]GTP�S binding stimulated by a � opioid agonist,
DAMGO, was significantly reduced in the spinal cord
dorsal horn of diabetic rats. However, the [35S]GTP�S
binding stimulated by other G protein-coupled receptor
agonists and the expression of Gi and Go proteins in the
dorsal spinal cord were not significantly altered in dia-
betic rats. Thus, these results suggest that the functional
� opioid receptors are reduced in the spinal dorsal horn
in diabetes. Data from the present study provide new
information that the impaired functional � opioid recep-
tors in the spinal cord in diabetes likely contributes, at
least in part, to the reduced analgesic action of spinally
administered � opioid agonists in diabetic neuropathic
pain.
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