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In a rat model of morphine tolerance, we examined the hy- 
potheses that thermal hyperalgesia to radiant heat develops 
in association with the development of morphine tolerance 
and that both the development and expression of thermal 
hyperalgesia in morphine-tolerant rats are mediated by cen- 
tral NMDA and non-NMDA receptors and subsequent protein 
kinase C (PKC) activation. Tolerance to the analgesic effect 
of morphine was developed in rats utilizing an intrathecal 
repeated treatment regimen. The development of morphine 
tolerance and thermal hyperalgesia was examined by em- 
ploying the tail-flick test and paw-withdrawal test, respec- 
tively. lntrathecal MK 801 (an NMDA receptor antagonist), 
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; a non-NMDA 
receptor antagonist), or GM1 ganglioside (an intracellular 
PKC inhibitor) treatment was given to examine the effects 
of these agents on the development and expression of ther- 
mal hyperalgesia in morphine-tolerant rats. 

Tolerance to the analgesic effect of morphine was reliably 
developed in rats following once daily intrathecal (onto the 
lumbosacral spinal cord) injection of 10 c(g of morphine sul- 
fate for 8 consecutive days as demonstrated by the de- 
creased analgesia following morphine administration on day 
8 as compared to that on day 1. In association with the 
development of morphine tolerance, thermal hyperalgesia 
to radiant heat developed in these same rats. Paw-with- 
drawal latencies were reliably decreased in morphine-tol- 
erant rats as compared to nontolerant (saline) controls when 
tested on day 8 before the last morphine treatment and on 
day 10 (i.e., 48 hr after the last morphine treatment). The 
coincident development of morphine tolerance and thermal 
hyperalgesia was potently prevented by intrathecal coad- 
ministration of morphine with MK 801 (10 nmol) or GM1 (160 
nmol), and partially by CNQX (80 nmol). MK 801 (5, 10 nmol, 
not 2.5 nmol) and CNQX (80, 160 nmol, not 40 nmol), but not 
GM1 (160 nmol), also reliably reversed thermal hyperalgesia 
in rats rendered tolerant to morphine when tested 30 min 
after each drug treatment on day 10 (48 hr after the last 
morphine treatment). The data indicate that thermal hyper- 
algesia develops in association with the development of 
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morphine tolerance and that the coactivation of central NMDA 
and non-NMDA receptors is crucial for both the development 
and expression of thermal hyperalgesia in morphine-tolerant 
rats. Furthermore, intracellular PKC activation plays a critical 
role in the development of thermal hyperalgesia in morphine- 
tolerant rats. Since NMDA and non-NMDA receptor activation 
is shown to play an important role in neurogenic and inflam- 
matory hyperalgesia, the data suggest that common neural 
mechanisms may be involved in central hyperalgesic states 
across a variety of etiologies. The development of thermal 
hyperalgesia following repeated morphine administration 
suggests that there may be an interaction between the de- 
velopment of morphine tolerance and the associated hy- 
peralgesia, a phenomenon that may have significant clinical 
implications for the treatment of painful conditions such as 
neuropathic pain, postoperative pain, and cancer pain. 

[Key words: hyperalgesia, tolerance, dependence, mor- 
phine, excitatory amino acid receptors, MK 80 7, 6-cyano-7- 
nitroquinoxaline-2,3-dione, GM1 ganglioside] 

Hyperalgesia, the enhanced nociceptive response to noxious 
stimulation, is associated with a variety of pathological condi- 
tions resulting from tissue injury including nerve injury (Dyck 
et al., 1984; Dubner, 199la), surgical procedures (Dyck et al., 
1984), peripheral inflammation (Ren et al., 1992a,b), and sys- 
temic metabolic disorders such as diabetes (Dyck et al., 1984). 
For instance, hyperalgesia is a known salient symptom of pos- 
tinjury neuropathic pain syndromes (Bonica, 1979). However, 
hyperalgesic responses may also occur under circumstances that 
are not directly related to pathological etiologies (Yaksh et al., 
1986; Yaksh and Harty, 1988; Inoki et al., 1990; Ohnishi et al., 
1990; Westbrook and Greeley, 1992). Recent investigations on 
narcotic dependence suggest that hyperalgesic responses to nox- 
ious stimulation may occur in rats undergoing naloxone-pre- 
cipitated acute withdrawal (Bederson et al., 1990) as well as 
nonprecipitated withdrawal (Doerr and Kristal, 1991). These 
observations in addition to our own studies indicating a com- 
mon neurochemical basis for opiate tolerance and neurogenic 
hyperalgesia (Mayer et al., 1993) suggest that hyperalgesia may 
develop in association with the development of tolerance to the 
analgesic effect of narcotics, a phenomenon that may have con- 
siderable clinical significance. 

Recent evidence indicates that activation ofexcitatory amino 
acid (EAA) receptors, including the NMDA receptor and the 
non-NMDA (AMPA/kainate) receptor, is involved in the hy- 
peralgesia that occurs following peripheral nerve injury (Davar 
et al., 1991; Mao et al., 1992b,f, 1993; Yamamoto and Yaksh, 
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1992; Tal and Bennett, 1993) and inllammation (Ren et al., 
1992a,b; Yamamoto et al., 1993). Systemic or spinal cord ad- 
ministration of NMDA and/or non-NMDA receptor antago- 
nists potently reduces pain-related behaviors in animal models 
of neuropathic pain (Davar et al., 1991; Mao et al., 1992b,f, 
1993; Yamamoto and Yaksh, 1992; Tal and Bennett, 1993) 
carrageenan-induced peripheral inflammation (Ren et al., 1992b; 
Yamamoto et al., 1993) and formalin-induced pain (Coderre 
and Melzack, 199 1, 1992a,b). Moreover, the increase in intra- 
cellular protein kinase C (PKC) activity that occurs in response 
to NMDA receptor activation has been implicated in intracel- 
lular mechanisms of hyperalgesia, since GM1 ganglioside and 
H-7, intracellular inhibitors of PKC translocation/activation, 
effectively attenuate hyperalgesia induced by peripheral nerve 
injury (Hayes et al., 1992; Mao et al., 1992c-e) or formalin 
injection into the rat’s hind paw (Coderre, 1992). These con- 
verging lines of evidence indicate a critical role for central EAA 
receptor activation and subsequent intracellular PKC changes 
in CNS mechanisms of hyperalgesia. 

Ofrelevant interest is that investigations on narcotic tolerance 
and dependence have indicated that the NMDA receptor acti- 
vation also plays a critically important role in the development 
of narcotic tolerance and dependence, since MK 801, a non- 
competitive NMDA receptor antagonist, has been shown to 
prevent the development of morphine tolerance and dependence 
in several experimental models (Marek et al., 199 la,b; Tanga- 
nelli et al., 1991; Trujillo and Akil, 1991; Ben Eliyahu et al., 
1992). The site ofthe NMDA receptor activation is likely within 
the spinal cord, because spinalization does not reverse the in- 
hibition of the development of morphine tolerance by systemic 
MK 801 administration (Gutstein et al., 1992). Given the im- 
portance of EAA receptors in neurogenic and inflammatory hy- 
peralgesia, these data suggest that similar neural mechanisms 
may underlie both hyperalgesia resulting from a variety of 
pathological etiologies and narcotic tolerance/dependence. Thus, 
it is possible that the development and expression of hyperal- 
gesia that may be associated with the development of narcotic 
tolerance and dependence are mediated by the central activation 
of NMDA and/or non-NMDA receptors as well as by subse- 
quent intracellular events such as PKC activation. Accordingly, 
NMDA and/or non-NMDA receptor antagonists as well as in- 
tracellular inhibitors of PKC activation would be expected to 
prevent and reverse the hyperalgesia associated with the de- 
velopment of morphine tolerance/dependence. 

In a rat model of narcotic tolerance and dependence utilizing 
an intrathecal treatment regimen, we tested the hypotheses that 
(1) hyperalgesia develops in association with the development 
of tolerance to the analgesic effect of morphine and (2) NMDA 
and non-NMDA receptor antagonists as well as PKC inhibitors 
prevent and reverse the hyperalgesia. The tail-flick and paw- 
withdrawal tests were used to assess the development of mor- 
phine tolerance and hyperalgesia, respectively. Either MK 80 1, 
a noncompetitive NMDA receptor antagonist (Lodge and John- 
son, 1990) 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), a 
non-NMDA (kainate/AMPA subtype) receptor antagonist (Les- 
ter et al., 1989) or GM 1 ganglioside, an intracellular inhibitor 
of PKC translocation/activation (Vaccarino et al., 1987; Costa 
and Rodbell, 1988; Favaron et al., 1988; Magal et al., 1990) 
was administered intrathecally along with morphine treatment 
to determine if each of these drugs would be able to prevent the 
development of both morphine tolerance and hyperalgesia. In 
addition, either MK 801, CNQX, or GM1 was given to rats 

rendered tolerant to morphine and undergoing a natural (non- 
precipitated) withdrawal process to determine whether the hy- 
peralgesia resulting from the development of morphine toler- 
ance can be reversed by each drug treatment. 

We report here that thermal hyperalgesia to radiant heat de- 
velops in rats in association with the development of morphine 
tolerance. In addition, both NMDA/non-NMDA receptors and 
PKC translocation/activation are involved in the development 
and expression of the thermal hyperalgesia. 

Materials and Methods 
Subjects 
Adult male Sprague-Dawley rats (Hilltop) weighing 350-400 gm at the 
time of surgery were used. Animals were individually housed in cages 
with water and food pellets available ad libitum. The animal room was 
artificially illuminated from 07:OO to 19:OO. All experimental procedures 
were approved by the Animal Care and Use Committee of the Medical 
College of Virginia, Virginia Commonwealth University. 

Intruthecal catheter implantation 
Each rat was implanted with an intrathecal catheter for drug or vehicle 
delivery. The intrathecal implantation procedure has been described in 
detail elsewhere (Mao et al., 19928. In brief, rats were anesthetized 
intraperitoneally with sodium pentobarbital (50 mg/kg). A gentamicin 
sulfate-flushed polyethylene (PE-10) tube was inserted into the rat’s 
subarachnoid space through an incision at the cisterna magna. The 
caudal end of the catheter was gently threaded to the site of spinal 
lumbosacral segments (about 7 cm from the incision) or thoracic seg- 
ments (about 4.5 cm from the incision). The rostra1 end was then secured 
with dental cement to a screw embedded in the skull. The skin wound 
was closed with wound clips. Those rats exhibiting postsurgical neu- 
rological disorders (e.g., limb paralysis) were excluded from the exper- 
iment. 

Behavioral assessment 
The tail-flick test. The analgesic effect of morphine was evaluated by 
the tail-flick test as described previously @‘Amour and Smith, 1941; 
Akil and Mayer, 1972; Kellstein and Mayer, 1991). The rationale for 
using the tail-flick test to examine the development of morphine tol- 
erance is that this test has been used extensively in studies of narcotic 
tolerance and dependence. In order to minimize handling and to facil- 
itate both intrathecal drug delivery and tail-flick testing, each rat was 
comfortably positioned in a well-ventilated, tube-shaped plastic re- 
strainer (internal diameter 6.5 cm x internal length 25 cm) with fore 
and hind paws extending through holes at the bottom of the restrainer. 
All animals were habituated to restraint 1 hr/d for 3 d prior to behavioral 
tests. The placement of a rat into the restrainer does not immobilize 
the rat. The rat can still move to a certain degree within the restrainer. 
In fact, rats usually voluntarily enter the tube-shaped restrainer during 
habituation and behavioral tests. No sign of distress was observed in 
these rats during restraint. 

The tail-flick latency was defined as the time from the onset of radiant 
heat to tail withdrawal. The radiant heat source was from a projection 
bulb underneath a 3-mm-thick glass plate. To test the tail-flick latency, 
the rat was placed on the glass plate. The radiant heat source was aimed 
at the caudal end (3-l 0 cm from the tail tip) ofthe rat’s tail and adjusted 
by a rheostat to result in baseline (pretreatment) latencies of 3.5-4.5 
sec. An automatic cutoff time of IO set was preset to minimize tissue 
damage that may be caused by overstimulation in the absence of a 
response. Three trials were made with a 3 min intertrial interval and 
with changes of tail position receiving radiant heat stimulation on each 
trial. The mean tail-flick latency from the three trials was used as the 
baseline latency (BL). The analgesic effect of morphine was then deter- 
mined by a single measurement of tail-flick latencies at 30, 60, 120, 
180, and 240 min after the morphine injection. Data were expressed in 
two ways: (I) absolute tail-flick latencies (TL) and (2) percentage of 
maximal possible analgesic effect (%MPAE) using the equation %MPAE 
= [(TL - BL)/( 10 - BL)] x 100 as described previously (Kellstein and 
Mayer, 199 I). 
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The paw-withdrawal test. Thermal hyperalgesia to radiant heat was 
assessed by using the paw-withdrawal test (Bennett and Xie, 1988; 
Hargreaves et al., 1988; Mao et al., 1992b,f). The choice of the paw- 
withdrawal test to examine thermal hyperalgesia was based on the sen- 
sitivitv of this test (Hargreaves et al., 1988). Although the tail-flick test 
is a rehable test to assess analgesia (increase’in withdrawal latency above 
baseline), it is not sensitive for detection of hyperalgesia (decrease in 
withdrawal latency below baseline) because the baseline latency used 
for the tail-flick test is required to be quite low (3-4 set) for the test to 
remain valid. It should be pointed out that the only purpose of using 
the tail-flick test in these experiments was to allow an assessment of the 
development of tolerance to the analgesic effects of morphine using a 
commonly used and reliable methodology. Consistent with the previous 
finding that the paw-withdrawal test is sensitive to detect subtle changes 
in withdrawal latencies in response to radiant heat stimulation as com- 
pared to the tail-flick test @‘Amour and Smith, I94 I ; Akil and Mayer, 
1972; Hargreaves et al., 1988; Kellstein and Mayer, 1991) data from 
our pilot experiment showed that the mean latency difference score 
between day 1 (baseline) and day 10 (48 hr after morphine withdrawal) 
in morphine-tolerant rats was 2.73 * 0.39 set using the paw-withdrawal 
test (student t test, P < 0.01) and 0.49 + 0.34 set using the tail-flick 
test (student t test, P > 0.05). Thus, the paw-withdrawal test was used 
in the present experiments to examine the development of thermal 
hyperalgesia because this test is more likely to detect increased respond- 
ing (hyperalgesia) to radiant heat stimulation. 

In order to obtain paw-withdrawal latencies, the rat was placed in a 
plastic cylinder (diameter 18 cm x height 22 cm) on a 3-mm-thick glass 
plate. The radiant heat source was from a projection bulb placed directly 
under the plantar surface ofthe rat’s right hind paw. The paw-withdrawal 
latency to radiant heat stimulation was defined as the time from onset 
of radiant heat to withdrawal of the rat’s hind paw. The radiant heat 
source was adjusted to result in baseline latencies of 11-13 sec. Three 
test trials (with an intertrial interval of 3 min) were made for the rat’s 
right hind paw, and scores from these three trials were averaged to yield 
a mean withdrawal latency. Thermal hyperalgesia was always tested 
prior to each morphine injection in the tolerance-inducing regimen 
whereas the tail-flick test was always made after each morphine injec- 
tion. 

Drugs and intrathecal administration 

Drugs used in the experiments included morphine sulfate (10 fig), MK 
801 [5-methyl-IO,1 I-dihydro-5H-dibenzo(a,d)cyclohepten-5,10-imine 
maleate; 2.5, 5, 10 nmol], CNQX (6-cyano-7-nitroquinoxaline-2,3-dione; 
40, 80, 160 nmol), and GM 1 ganglioside (160 nmol). Morphine sulfate 
and MK 801 were dissolved in saline solution, CNQX in sodium bi- 
carbonate (pH 7.5) and GM1 in phosphorate buffer solution (pH 7.6). 
The intrathecal microinjection was performed using a 50 ~1 microsyringe 
(Hamilton). Drugs or vehicle (in 10 ~1 volume) used in the experiments 
were delivered slowly (within 1 min) through the intrathecal catheter 
followed by 10 11 of saline (void volume) to flush the catheter. When 
either MK 801, CNQX, or GM1 was coadministered with morphine, 
the compounds were injected in the same bolus separated by an air 
bubble inside the tubing. All experiments described below were made 
with the tester blind as to treatment conditions. 

Experimental designs 

Induction of morphine tolerance and thermal hyperalgesia. In order to 
induce tolerance to the analgesic effect of morphine, 10 Kg of morphine 
sulfate was given intrathecal onto the rat’s spinal lumbosacral segments 
once daily for 8 consecutive days. The maximal possible analgesic effect 
of morphine was determined by examining the tail-flick latency both 
before (baseline) and after the first morphine (IO Kg) injection on day 
1 of the treatment schedule. On day 8 (i.e., the last day of morphine 
treatment), the tail-flick latency was again tested following morphine 
(10 pg) injection to examine the development of morphine tolerance. 
The rationale for using the 8 d treatment regimen and the test schedule 
(both on day 1 and day 8) was that this treatment regimen reliably 
induces morphine tolerance as described previously (Kellstein and May- 
er, 1991). In addition, one group of rats (n = 6) received once daily 
saline treatment from day 1 to day 8 to examine whether the daily 
handling and the procedure of intrathecal treatment itself would have 
any effect on behavioral tests. Morphine was also given intrathecally 
onto spinal thoracic segments in one group of rats (n = 6) using the 

same dose regimen to control for possible effects of diffusion to su- 
praspinal structures. 

The development of thermal hyperalgesia was examined by testing 
the paw-withdrawal latency prior to morphine injection in the tolerance- 
inducing regimen. The paw-withdrawal latency in rats was obtained 
before the first morphine injection on day I (baseline), on day 8 just 
before the last morphine injection, and on day 10 (48 hr after the last 
morphine treatment) to examine the development of thermal hyperal- 
gesia. This test schedule allowed us to determine the development of 
thermal hyperalgesia both before (day 8) and after (day 10) the with- 
drawal from morphine treatment. 

Prevention of the development qf morphine tolerance and thermal 
hyperalgesia. In order to test the hypothesis that coadministration of 
morphine with MK 80 1, CNQX, or GM 1 prevents the development of 
morphine tolerance and thermal hyperalgesia, five groups (n = 6/group) 
of rats were used. On day 1, tail-flick latencies were measured in each 
group of rats both before and after a single injection of 10 Kg of morphine 
to determine the maximal possible analgesic effect of morphine. Paw- 
withdrawal latencies were taken before the first morphine injection. 
From day 2 to day 7, each group received one ofthe following treatments 
(once daily): (1) saline plus saline (nontolerant control), (2) saline plus 
morphine (tolerant control), (3) MK 80 1 (IO nmol) plus morphine, (4) 
CNQX (80 nmol) plus morphine, and (5) GM1 (160 nmol) plus mor- 
phine. Each treatment combination was coadministered through the 
intrathecal catheter (morphine followed by a drug). The effect of each 
treatment on the development of morphine tolerance was determined 
by the tail-flick test on day 8 afier the last morphine (I 0 pg) injection, 
whereas the effect of each treatment on the development of thermal 
hyperalgesia was evaluated using the paw-withdrawal test both on day 
8 before the last morphine injection and on day 10 (i.c., 48 hr after the 
last-morphine treatment). Three additional groups of rats (n = 4/group) 
were used to control possible effects of repeated MK 801, CNQX, or 
GM1 itself on baseline tail-flick or foot-withdrawal latencies. Rats in 
each of the three groups received either saline plus MK 801 (IO nmol), 
saline plus CNOX (80 nmol), or saline plus GM I (160 nmol) using the 
same treatment-regimen as described above and were tested on day 1 
and day 8. 

Rever~sal of thermal hyperalgesia. The hypothesis that MK 80 1, CNQX, 
or GM1 reverses thermal hyperalgesia that presumably develops fol- 
lowing the development of morphine tolerance was tested using 10 
groups (n = 6/group) of rats including three saline groups and seven 
morphine treatment groups. The saline groups were used to serve as 
nontolerant controls as described above. Thus, morphine tolerance was 
first induced in seven groups ofrats utilizing the same treatment regimen 
as that described above and the development of thermal hyperalgesia 
was examined on day 10 of the treatment schedule, that is, 48 hr after 
the last morphine administration. The rationale for choosing this par- 
ticular time point to examine the reversal of thermal hyperalgesia was 
that the withdrawal signs and symptoms, including body weight loss, 
writhing, and aggression, peak at about 24-48 hr after abstinence from 
morphine (Ehrenpreis and Neidle, 1975; Bederson et al., 1990; Doerr 
and Kristal, 1991). Either MK 801 (2.5, 5, 10 nmol), CNQX (40, 80, 
160 nmol), or GM 1 (160 nmol) was then delivered intrathecally to each 
group of rats on day 10 after the evaluation of thermal hyperalgesia. 
Thirty minutes after each drug treatment, the paw-withdrawal latency 
was again tested to examine ifthe drug reversed thermal hyperalgesia. 
MK 80 I f  10 nmol). CNOX (160 nmol). or GM I (160 nmol) also was 
delivered‘to each of three saline control groups and paw-withdrawal 
latencies were measured 30 min after each injection to examine the 
effect ofMK 801, CNQX, and GM 1 per se on paw-withdrawal latencies. 

Statistical data analyses 

Data from the tail-flick test were calculated by using the equation %MPAE 
= [(TL - BL)/( 10 ~ BL)] x 100 to yield the mean percentage ofmaximal 
oossible analeesic effects. Both tail-flick data (the calculated %MPAE 
and absoluteyail-flick latencies) and absolute paw-withdrawal latencies 
were analyzed by using a two-way analysis of variance (ANOVA) re- 
peated across testing points to detect overall differences among treat- 
ment groups. Whenever applicable, data from the tail-flick or paw- 
withdrawal test also were examined using ANOVA repeated across 
treatment groups to examine overall differences among testing points. 
In both cases, when main effects were observed, the Waller-Duncan 
K-ratio t test (WD) was performed to determine sources of differences. 
Differences were considered to be statistically significant at the level of 
a = 0.05. 
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E DAY 1 Thermal hyperalgesia developed in association with the 
development qf morphine tolerance 

Once daily intrathecal injection of 10 ~g of morphine for 8 
consecutive days induced tolerance to the analgesic effect of 
morphine in rats. On day 1, the analgesia produced by intrathe- 
cal injection of 10 pg of morphine was equivalent among groups 
as indicated by the lack of statistical differences in both absolute 
tail-flick latencies (Table 1) and the mean percentage of maximal 
possible analgesic effect (YoMPAE) (Fig. 1, Day 1). In contrast 
to those rats receiving saline treatment between day 2 and day 
7 (but 10 pg of morphine on day 1 and day 8), which showed 
no statistical difference in %MPAE between day 1 and day 8 
(ANOVA, P > 0.05), both absolute tail-flick latencies (Table 1) 
and %MPAE (Fig. 1, Day 8) were reliably lowered in the mor- 
phine plus saline group as compared to those of the same group 
on day 1 (Fig. 1, Day 1) and to those in the saline group on the 
same day (Fig. 1, Day 8; WD, each P < 0.05). The decrease in 
the analgesic effect of morphine was not due to nonspecific 
effects such as daily handling and the procedure of repeated 
treatment on tail-flick latencies, because tail-flick latencies were 
not different between day 1 and day 8 (day 1, 4.3 ? 0.6 set, vs 
day 8, 4.4 f 0.7 set; ANOVA, P > 0.05) in rats treated only 
with saline from day 1 to day 8, the group that never received 
morphine treatment. 

In association with the development of morphine tolerance, 
demonstrable thermal hyperalgesia was observed in rats given 
once daily morphine plus saline treatment, as indicated by mean 
paw-withdrawal latencies at various time points (Table 2). This 
decrease in paw-withdrawal latencies was observed both on day 
8 before the last morphine treatment and on day 10 (48 hr after 
the last morphine treatment). Compared with paw-withdrawal 
latencies taken before the first morphine treatment on day 1 
(baseline), which showed no reliable differences among all treat- 
ment groups (Table 2; ANOVA, P > 0.05), paw-withdrawal 
latencies were reliably decreased in morphine-tolerant rats when 
tested on day 8 before the last morphine injection and on day 
10 of the experimental schedule (Table 2; WD, each P < 0.05). 
In contrast, no reliable differences in paw-withdrawal latencies 
were observed between day 1 (baseline), day 8, and day 10 in 
rats receiving saline treatment (days 2-7) and 10 pg of morphine 
on day 1 and day 8 (Table 2; ANOVA, P > 0.05), as well as in 
rats treated only with saline from day 1 to day 8 (day 1, 11.1 
~0.6sec;day8,10.9~0.7sec;day10,11.0~0.8sec;ANOVA, 
P > 0.05). 

Neither tail-flick (day 1, 4.2 ? 0.8 set, vs day 8, 4.5 & 0.7 
set) nor paw-withdrawal latencies (day 1, 11.5 t 0.7 set, vs day 
8, 11.0 +- 0.8 set) were statistically different (ANOVA, each P 
> 0.05) in rats before and after the repeated thoracic morphine 
treatment employing the same treatment schedule used in lum- 
bosacral treatment groups, indicating an effect localized to the 
lumbosacral spinal cord of repeated morphine treatment on the 
development of morphine tolerance and thermal hyperalgesia. 
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Figure I. MK 80 1, CNQX, or GM 1 ganglioside prevented the devel- 
opment ofmorphine tolerance. In all five groups, percentage ofmaximal 
possible analgesic effect (o/,MPAE) was not different on day 1 following 
intrathecal injection of 10 fig of morphine sulfate as tested using the 
tail-flick test (Day I). Day 8 shows group differences in morphine tol- 
erance resulting from different treatments. Each group of rats received 
10 fig of morphine on day 1 and day 8. Between day 2 and day 7, each 
group of rats received either saline (saline + saline) or one of the drug 
treatments. Once daily intrathecal administration of 10 pg of morphine 
sulfate (MOR) and saline for 8 consecutive days induced tolerance to 
the analgesic effect of morphine as indicated by reliable decreases in 
%MPAE in the morphine plus saline group as compared to the same 
group on day 1 and to those rats in the saline group. In contrast, rats 
coadministered with 10 pg of morphine and MK 80 1 (10 nmol), CNQX 
(80 nmol), or GM 1 (160 nmol) between day 2 and day 7 showed reliably 
higher %MPAE (i.e., analgesia) as compared to the morphine and saline 
group. Data at each testing point represent the mean of a group of six 
rats. Standard errors are given by error bars. *, P < 0.05 (WD), com- 
parisons made between the morphine and saline group and each mor- 
phine and drug treatment group. 

Results 
Thermal hyperalgesia developed in rats in association with the 
development of morphine tolerance. The development of both 
morphine tolerance and thermal hyperalgesia was effectively 
prevented by MK 80 1 or GM 1, and partially by CNQX. MK 
801 or CNQX, but not GMI, also potently reversed thermal 
hyperalgesia in morphine-tolerant rats. 

Effkct of MK 801, CNQX, and GM1 on development of 
morphine tolerance and thermal hyperalgesia 

Intrathecal coadministration of morphine with MK 80 1, CNQX, 
or GM1 effectively prevented the development of morphine 
tolerance. In comparison with the rats treated with morphine 
and saline, which showed almost complete tolerance to the an- 
algesic effect of morphine on day 8 (Fig. l), rats receiving coad- 
ministration of morphine with MK 80 1 (10 nmol), CNQX (80 
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Table 1. Development of morphine tolerance 

Mean absolute tail-flick latencies (set) 

Day 1 Dav 8 

Before MOR After MOR Before MOR After MOR 

Saline + saline 4.3 + 0.7 8.0 + 0.6* 4.4 k 0.7 7.8 + 0.7* 

Morphine + saline 4.1 * 0.5 7.7 k 0.5* 4.2 + 0.6 4.8 AI 0.5 

Morphine + saline (thoracic) 4.0 -t 0.6 4.0 + 0.6 3.9 + 0.5 3.8 If: 0.6 

Morphine + MK 80 1 (10 nmol) 4.2 xk 0.7 7.9 f 0.6* 3.9 + 0.5 7.2 k 0.7* 

Morphine + CNQX (80 nmol) 3.9 k 0.4 7.9 f 09 4.4 + 0.7 6.6 k 0.5* 

Morphine + GM1 (160 nmol) 4.2 zk 0.6 7.9 + 0.5* 4.0 2 0.5 7.6 + 0.7* 

Data are presented as mean + SE, and refer to mean absolute tail-flick latencies before and after (averaged from tail- 
flick latencies measured at 30, 60, 120, 180, and 240 min after treatment) a single intrathecal morphine (MOR; 10 pg) 
injection on day 1 and day 8. Between day 2 and day 7, each group of rats received either saline or one of the drug 
treatments. 

* p < 0.05 (WD) as compared to tail-flick latencies before morphine injection in each corresponding group. 

nmol), or GM 1 (160 nmol) between day 2 and day 7 remained 
analgesic following the last morphine injection on day 8 of the 
treatment schedule (Fig. 1; WD, each P < 0.05). The remaining 
analgesia on day 8 in the MK 80 1, CNQX, and GM 1 treatment 
groups was unlikely to be caused by the effect of repeated MK 
801, CNQX, or GM1 treatment per se on tail-flick latencies, 
because tail-flick latencies (as well as paw-withdrawal latencies) 
were not different between day 1 and day 8 (ANOVA, P > 0.05) 
in rats repeatedly treated with saline plus either MK 80 1 (10 
nmol), CNQX (80 nmol), or GM 1 (160 nmol). In addition, tail- 
flick latencies pooled from those rats treated with morphine 
plus either MK 801, CNQX, or GM1 were not statistically 
different from rats in the saline plus morphine group (saline plus 
morphine group, 4.4 ? 0.7 set, vs drug groups, 4.2 -t 0.9 set; 
ANOVA, P > 0.05) when both were tested on the same day 
(day 8) before the last morphine injection. 

Consistent with the prevention of morphine tolerance by MK 
801 and GMl, the development of thermal hyperalgesia also 
was prevented in rats cotreated with morphine and MK 80 1 or 
GM1 as indicated by the lack of observed differences in paw- 
withdrawal latencies between day 1 (baseline), day 8 (the last 
day of morphine treatment), and day 10 (48 hr after the last 
morphine treatment) in these rats (Table 2; ANOVA, P > 0.05) 
and by reliably higher paw-withdrawal latencies in these rats 
than in rats cotreated with morphine and saline (Table 2; WD, 
each P < 0.05). While 80 nmol of CNQX was shown to prevent 
(at least partially) the development of morphine tolerance (Fig. 
l), this same dose of CNQX failed to prevent the development 

of thermal hyperalgesia as indicated by reliably shorter paw- 
withdrawal latencies in these rats both on day 8 and on day 10 
as compared to those on day 1 (Table 2; WD, P < 0.05). How- 
ever, as also shown in Table 2, the mean decrease in paw- 
withdrawal latencies (paw-withdrawal latencies on day 1 minus 
those on day 8 or day 10) was much greater in the saline plus 
morphine treatment group (day 8, 3.4 set; day 10. 3.8 set) than 
in the CNQX plus morphine treatment group (day 8, 2.1 set; 
day 10, 2.4 set; Student’s t test, each P < 0.05) indicating a 
partial prevention of the development of thermal hyperalgesia 
by 80 nmol CNQX treatment. 

Efect of MK 801, CNQX, and GM1 on reversal of thermal 
hyperalgesia in morphine-tolerant rats 
As shown in Figures 2-4, reliable decreases in paw-withdrawal 
latencies (i.e., thermal hyperalgesia) were observed in all groups 
of rats repeatedly treated with morphine when tested on day 10 
(48 hr after the last morphine treatment). This thermal hyper- 
algesia was reliably reversed in a dose-dependent manner by 
intrathecal treatment with MK 80 1 or CNQX. Thus, mean paw- 
withdrawal latencies were reliably increased in these rats when 
tested 30 min following a single treatment with MK 801 (10 
nmol = 5 nmol, but not 2.5 nmol) or CNQX (160 nmol = 80 
nmol, but not 40 nmol) as compared to corresponding mean 
paw-withdrawal latencies before each treatment (Figs. 2,3, WD, 
each P < 0.05). While 160 nmol of GM 1 effectively prevented 
the development of both morphine tolerance (Fig. 1) and ther- 
mal hyperalgesia (Table 2) this same dose of GM1 failed to 

Table 2. Prevention of thermal hyperalgesia 

Paw-withdrawal latencies (set) 

Day 1 Day 8 

Saline + saline 11.2 f 0.8 10.7 +I 0.6 

Morphine + saline 11.7 * 1.0 8.3 + 0.6* 

Morphine + saline (thoracic) 11.5 + 0.7 11.0 + 0.8 

Morphine + MK 801 (10 nmol) 10.9 f 0.6 10.7 ?L 0.6 

Morphine + CNQX (80 nmol) 10.8 +- 0.7 8.7 + 0.4* 

Morphine + GM1 (160 nmol) 11.3 * 0.6 10.5 + 0.7 

Day 10 

10.9 L 0.5 

7.9 zk 0.5* 

10.9,+ 0.7 

10.3 f 0.4 

8.4 zk 0.3* 

10.1 + 0.8 

Data are presented as mean + SE, and were obtained on day 1 (baseline), day 8 (before the last morphine treatment), 
and day 10 (48 hr after the last morphine treatment). Each group of rats received 10 fig of morphine on day 1 and day 
8. Between day 2 and day 7, each group of rats received either saline or one of the drug treatments. 
* p < 0.05 (WD) as compared to baseline paw-withdrawal latencies of each corresponding group on day 1. 
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0 SALINE + MK 801 (10 nmol) 

q MORPHINE + MK 801 (10 nmol) 

0 MORPHINE + MK 801 (5 nmol) 

q MORPHINE + MK 801 (2.5 nmol) 

BASELINE BEFORE MK 801 AFTER MK 801 

DAY 1 48 HR AFTER WITHDRAWAL 

Figure 2. MK 80 1 reversed NITH in morphine-tolerant rats. In con- 
trast to paw-withdrawal latencies taken before the first morphine injec- 
tion (baseline), which showed no statistical difference among groups, 
paw-withdrawal latencies were reliably decreased (i.e., hyperalgesia) in 
rats receiving repeated 10 fig morphine treatment as compared to those 
receiving saline treatment and compared to their own corresponding 
baseline paw-withdrawal latencies. A single intrathecal treatment with 
MK 801 (5 or 10 nmol, not 2.5 nmol) at 48 hr after withdrawal from 
morphine reversed thermal hyperalgesia when tested 30 min after MK 
801 treatment. MK 801 (10 nmol) did not change baseline paw-with- 
drawal latencies as indicated by the lack of observed decreases in paw- 
withdrawal latencies in the saline group when tested 30 min after MK 
801 treatment on day 10. Standard errors are given by the error bars. 
*, P < 0.05 (WD), as compared to the saline group on the same day. 

reverse thermal hyperalgesia that had already been developed 
in morphine-tolerant rats as indicated by the lack of reliable 
differences in paw-withdrawal latencies in this group of rats 
before and 30 min after intrathecal administration of 160 nmol 
of GM1 (Fig. 4; ANOVA, P > 0.05). 

Neither MK 801 (10 nmol), CNQX (160 nmol), nor GM1 
(160 nmol) altered paw-withdrawal latencies of saline-treated 
rats as indicated by the lack of observed differences in these rats 
on day 10 before and after administration of each of these drugs 
(Figs. 2-4; ANOVA, P > 0.05). 

Discussion 

The major findings of the present experiments are that thermal 
hyperalgesia developed in association with the development of 
tolerance to the analgesic effect of morphine in rats, and that 
both the development of morphine tolerance and thermal hy- 
peralgesia were potently prevented by MK 801 (an NMDA re- 
ceptor antagonist) or GM 1 ganglioside (an intracellular inhibitor 
of PKC translocation/activation), and partially prevented by 
CNQX (a non-NMDA receptor antagonist). MK 80 1 and CNQX, 
but not GM 1, also powerfully reversed thermal hyperalgesia in 
morphine-tolerant rats. The results indicate a critically impor- 
tant role of central NMDA and non-NMDA receptor activation 
and subsequent intracellular PKC activation in the development 
and/or expression of thermal hyperalgesia associated with the 
development of morphine tolerance. We call this thermal hy- 
peralgesia “narcotic-induced thermal hyperalgesia” (NITH) in 

0 SALINE + CNQX (160 nmol) 

q MORPHINE + CNQX (160 nmol) 

0 MORPHINE + CNQX (80 nmol) 

1 MORPHINE + CNQX (40 nmol) 

BASELINE BEFORE CNQX AFTER CNQX 

DAY 1 48 HR AFTER WITHDRAWAL 

Figure 3. CNQX reversed NITH in morphine-tolerant rats. In contrast 
to paw-withdrawal latencies taken before the first morphine injection 
(baseline), which showed no statistical difference among groups, paw- 
withdrawal latencies were reliably decreased (i.e., hyperalgesia) in rats 
receiving repeated 10 rg morphine treatment as compared to those 
receiving saline treatment and compared to their own corresponding 
baseline paw-withdrawal latencies. A single intrathecal treatment with 
CNQX (80 or 160 nmol, not 40 nmol) at 48 hr after withdrawal from 
morphine reversed thermal hyperalgesia when tested 30 min after CNQX 
treatment. CNQX (160 nmol) did not change baseline paw-withdrawal 
latencies as indicated by the lack of observed decreases in paw-with- 
drawal latencies in the saline group when tested 30 min after CNQX 
treatment on day 10. Standard errors are given by the error bars. *, P 
< 0.05 (WD), as compared to the saline group on the same day. 

order to distinguish it from neurogenic (induced by nerve injury) 
and inflammatory (following tissue inflammation) hyperalgesia. 
Since NMDA and non-NMDA receptor activation also is in- 
volved in neurogenic (Davar et al., 199 1; Mao et al., 1992b,f, 
1993; Yamamoto and Yaksh, 1992; Tal and Bennett, 1993) and 
inflammatory (Ren et al., 1992a,b; Yamamoto et al., 1993) 
hyperalgesia, the present data suggest that common neural 
mechanisms may be involved in CNS hyperalgesic states across 
a variety of etiologies. The possible relationships of neural 
mechanisms involved in the development of morphine toler- 
ance and the associated NITH as well as the clinical implications 
of these relationships will be discussed. 

Development of NITH in association with the development of 
morphine tolerance 
Hyperalgesic responses to noxious stimulation have been ob- 
served in rats undergoing naloxone-precipitated acute with- 
drawal from morphine (Bederson et al., 1990) or during the 
course of abstinence from morphine in narcotic-tolerant rats 
(Doerr and Kristal, 199 1). In fact, hyperalgesia is thought to be 
a sign of physical dependence on narcotic analgesics (Ehrenpreis 
and Neidle, 1975; Bederson et al., 1990; Doerr and Kristal, 
199 1). Consistent with these early observations, in the present 
experiments thermal hyperalgesia developed in morphine-tol- 
erant rats as shown by the reliable decrease in paw-withdrawal 
latencies in these rats both on day 8 before the last morphine 
treatment and on day 10, that is, 48 hr after the last morphine 



treatment (see Table 2). It should be emphasized, however, that 
thermal hyperalgesia was observed in the present study during 
a natural (non-naloxone precipitated) withdrawal process. To 
our knowledge, this is the first observation that thermal hyper- 
algesia occurs during nonprecipitated narcotic withdrawal in a 
rat model of repeated intrathecal morphine administration. 

Data derived from the present study clearly indicate that the 
observed NITH developed in association with the development 
of morphine tolerance because MK 801 or GM1 potently pre- 
vented the development of both morphine tolerance and NITH 
when coadministered with morphine between day 2 and day 7 
of the treatment schedule. It is, however, not yet clear to us 
whether NITH observed in this model truly reflects a sign of 
physical dependence similar to those seen in the narcotic with- 
drawal process (Ehrenpreis and Neidle, 1975; Doerr and Kristal, 
1991). For instance, while both NITH and signs of physical 
dependence such as wet-dog shaking, weight loss, and ptosis 
(Ehrenpreis and Neidle, 1975) can be observed at 24 and 48 hr 
after the last morphine administration, the degree of NITH was 
not different between day 8 before the last morphine treatment 
and day 10 at 48 hr after the last morphine administration in 
our experiments (see Table 2). In contrast, signs of physical 
dependence appear to progress as a function of the time course 
of narcotic withdrawal, particularly during the first few days 
after abstinence from narcotics (Ehrenpreis and Neidle, 1975). 
In addition, in the present study a single injection of MK 80 1, 
a noncompetitive NMDA receptor antagonist, potently reversed 
NITH on day 10, whereas in a model of systemic morphine 
administration a single injection of MK 80 1 failed to stop jump- 
ing (a sign of physical dependence) in morphine-tolerant rats 
undergoing the naloxone-precipitated withdrawal process (Tru- 
jillo and Akil, 1991). Such a difference may be in part due to 
the differential roles of NMDA receptors in NITH and jumping. 

It should be noted that the development of NITH in this 
intrathecal treatment model was not due to drug diffusion to 
supraspinal structures via either the vasculature or the cerebro- 
spinal fluid, because repeated intrathecal morphine administra- 
tion onto the thoracic spinal cord failed to affect tail-flick and 
hind paw-withdrawal latencies in these rats. Thus, the devel- 
opment of NITH is most likely to be mediated by local neural 
mechanisms within the spinal cord. This may partially explain 
the differences between the observed NITH and signs ofphysical 
dependence in which different treatment routes were used, that 
is, intrathecal (in the present experiment) versus systemic (in 
previous experiments) morphine administration (Ehrenpreis and 
Neidle, 1975; Doerr and Kristal, 199 1). In addition, it is unlikely 
that the development of morphine tolerance and NITH in the 
present experiment is due to the procedure of repeated admin- 
istration and handling over 8 d in which associative learning 
has been suggested to play a role (Baker and Tiffany, 1985; 
Siegel, 1988), because saline-treated rats handled in the same 
manner as morphine-treated rats showed no changes in either 
tail-flick or paw-withdrawal latencies over the experimental pe- 
riod. Finally, it is important to point out that although we ob- 
served reliable thermal hyperalgesia using the paw-withdrawal 
test and not the tail-flick test, the possible contribution of the 
development of thermal hyperalgesia to decreased tail-flick la- 
tencies (i.e., tolerance) on day 8 in morphine-tolerant rats cannot 
be ruled out. In other words, the behavioral manifestation of 
morphine tolerance as demonstrated using the tail-flick test may 
reflect the development of both hyperalgesia and attenuated 
opiate analgesia. 
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Figure 4. GM1 ganglioside failed to reverse NITH in morphine-tol- 
erant rats. A single intrathecal treatment with GM1 (160 nmol), the 
dose that potently prevented the development of tolerance and thermal 
hyperalgesia, failed to reverse hyperalgesia in morphine-tolerant rats 
when tested 30 min after GM 1 treatment on day 10, that is, 48 hr after 
withdrawal from the last morphine treatment. When tested 30 min after 
the treatment on day 10, GM1 gangliosidc also did not change paw- 
withdrawal latencies obtained on day 1 before the first morphine in- 
jection (baseline). Standard errors are given by the error bars. *, P < 
0.05 (WD), as compared to the saline group on the same day. 

Contribution of‘NMDA and non-NMDA receptors to the 
development and expression qfNITII 

Since NITH develops in association with the development of 
morphine tolerance, it is reasonable to ask how repeated mor- 
phine administration can result in the development of NITH 
as well as morphine tolerance. Recent behavioral studies have 
indicated a critical role for the NMDA receptor in the devel- 
opment of morphine tolerance and dependence (Marek et al., 
199 la,b; Tanganelli et al., 1991; Trujillo and Akil, 199 1; Ben 
Eliyahu et al., 1992). The site of the NMDA receptor action is 
likely within the spinal cord since spinalization does not di- 
minish the preventive effect of systemic MK 801 on the devel- 
opment of morphine tolerance (Gutstein et al., 1992). Data 
derived from the present experiments further indicate that in- 
trathecal coadministration of MK 80 1 (10 nmol) with morphine 
powerfully prevented the development of both morphine tol- 
erance and NITH. Moreover, our data indicate, for the first 
time, that CNQX (a non-NMDA receptor antagonist, 80 nmol) 
prevented at least partially the development of morphine tol- 
erance (see Fig. 1) and partially prevented the development of 
NITH (see Table 2). In addition, a single treatment with MK 
801 (10 or 5, not 2.5 nmol) or CNQX (160 or 80, not 40 nmol) 
on day 10 potently reversed NITH that has been established 
following the repeated morphine administration, indicating that 
NMDA and non-NMDA receptors are important in the ex- 
pression of NITH as well. Taken together, these data clearly 
indicate that spinal cord NMDA and non-NMDA receptors play 
a critical role in both the development and expression of NITH. 

Although it is evident that spinal cord NMDA and non-NMDA 
receptors become involved in the development and expression 
of NITH, it is perplexing as to how NMDA and non-NMDA 
receptors participate in this neural process because exogenous 
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morphine activates opiate but not NMDA/non-NMDA recep- 
tors. This remains an open question and has not yet been in- 
vestigated in any depth. Two general possibilities may be con- 
sidered by which the NMDA and non-NMDA receptors may 
become involved in the development of NITH and morphine 
tolerance: (1) conJi,urutionu(similurities/changes may occur be- 
tween NMDA/non-NMDA receptors and opiate receptors, and 
(2) endogcnous agonists, namely, glutamate and aspartate, may 
be released during the development of morphine tolerance and 
activate NMDA/non-NMDA receptors. 

The hypothesis of configurational similarity/change is that 
there might be some configurational similarities between the 
opiate (II) receptor and the NMDA and non-NMDA receptors 
such that exogenous morphine could activate the NMDA and 
non-NMDA receptors to a certain degree, or the activation of 
the opiate (FL) receptor could somehow modulate NMDA and 
non-NMDA receptor activity within the same neuron through 
configurational alterations and/or second messenger systems. In 
turn, configurational changes in NMDA/non-NMDA receptors 
may result in increases in their activity and decreases in opiate 
receptor responsiveness via membrane receptor interchanges 
and/or intracellular modulations of both types of receptors. For 
example, configurational or second messenger-mediated changes 
in the NMDA receptor following exogenous morphine treat- 
ment might result in the opening of the Ca’+ channel and induce 
subsequent intracellular changes. This possibility seems to be 
supported by a recent study that shows that activation of the p 
opiate receptor may modulate the NMDA receptor via intra- 
cellular PKC activation (Chen and Huang, 1991). Additional 
indirect evidence for this possibility is that MK 80 1, an NMDA 
receptor antagonist, differentially regulates the effects of opiate 
receptor subtypes (Kest et al., 1992). While MK 801 potently 
prevents morphine-induced tolerance (primarily acting on the 
fi opiate receptor) without affecting the acute antinociceptive 
effects of morphine, it directly blocks the antinociceptive effect 
of U50,488H, a selective K opiate receptor agonist (Kest et al., 
1992), suggesting that the differential effects of MK 801 may be 
related to configurational differences of the opiate receptor sub- 
types. However, the configurational similarity/change hypoth- 
esis is not readily supported by any known properties of the 
opiate (FL) receptor and the NMDA and non-NMDA receptors. 
In addition, based on this hypothesis it is difficult to explain 
why the blockade of the non-NMDA ionotropic receptor pre- 
vents the development of NITH and morphine tolerance in a 
manner similar to that induced by the NMDA receptor antag- 
onist. 

The second hypothesis is that the NMDA and non-NMDA 
receptors may be activated by their endogenous agonists (EAAs) 
over the period of repeated morphine administration. Given 
the fact that NMDA and non-NMDA receptor antagonists re- 
liably block the development of morphine tolerance and NITH, 
this appears to be a distinct possibility. However, if this is the 
case, then where and how is EAA released as a result of exog- 
enous opiate administration? There are three possible routes by 
which EAA may be released: (1) from primary afferents, (2) 
from supraspinal descending pathways, and (3) from spinal cord 
interneurons. 

Primary ujkrents. EAAs are released from primary afferents, 
particularly of A6 and C fibers, upon peripheral stimulation 
(Wilcox, 1991). Exogenous morphine may regulate the release 
of neurotransmitters/neuromodulators including EAAs from the 
primary afferents through presynaptic opiate receptors (Tung 

and Yaksh, 1982; Seybold, 1986). However, it is recognized that 
primary afferents, particularly Afi and C fibers, exhibit very little 
spontaneous discharge (Price, 1988). Thus, there appears to be 
a minimal basis for the regulation of EAA release from primary 
afferents following exogenous opiate treatment. 

Szqwaspinal descending pathways. Supraspinal descending 
pathways modulate spinal cord neuronal activity (Willis, 1985; 
Price, 1988), and it is not unlikely that some ofthese descending 
pathways may utilize an EAA as their neurotransmitter/neu- 
romodulator. Thus, chronic morphine treatment may somehow 
activate these descending pathways via ascending and descend- 
ing interconnections with the resultant release of EAA from their 
nerve terminals. However, two experimental observations seem 
to suggest a minimal involvement of supraspinal structures in 
this neural process. One is a previous report that indicates that 
the preventive effects of systemic MK 801 on morphine toler- 
ance is not diminished when given at 7 d after spinalization 
(Gutstein et al., 1992). The other is our present observation that 
shows that the development of morphine tolerance and NITH 
as assessed using tail-flick and hind paw withdrawal tests was 
induced by intrathecal morphine administration onto the lum- 
bosacral but not the thoracic spinal cord. Nevertheless, it re- 
mains to be determined whether supraspinal descending path- 
ways contribute to spinal cord NMDA/non-NMDA receptor 
activation in intact animal preparations and in models of sys- 
temic narcotic treatment. 

Spina/ cord interneurons. Given that the highest density of 
receptor binding sites of both opiate and EAA receptors is in 
the superficial laminae (lamina II > lamina I) ofthe mammalian 
spinal cord dorsal horn (Seybold, 1986; Mitchell and Anderson, 
1991), a neural circuit may exist within this area of the spinal 
cord involving both excitatory and inhibitory interneurons. The 
inhibition of spinal cord inhibitory interneurons (e.g., GABA 
interneurons) induced by the direct effect of morphine may 
result in disinhibition of EAA-containing interneurons with the 
resultant release of EAA into the spinal cord. However, it is not 
known whether (1) there are indeed EAA-containing interneu- 
rons within the spinal cord dorsal horn or (2) exogenous mor- 
phine can release (excite) neurons by means of disinhibition. 

Another problem with this EAA agonist hypothesis regardless 
of the source of endogenous EAA is that reduction of the MgZ+ 
blockade of the NMDA receptor by partial depolarization of 
the neuronal membrane appears difficult under the inhibitory 
influence of morphine. One possible means by which morphine- 
induced inhibition may be overcome is the coactivation of the 
non-NMDA receptor with the NMDA receptor. The Mg’+ 
blockade may be removed by partial membrane depolarization 
induced by non-NMDA receptor activation when such partial 
depolarization is temporally associated with NMDA receptor 
activation and is spatially adjacent to the membrane NMDA 
receptor. Our present observation that the antagonism of non- 
NMDA receptors also effectively prevents the development of 
morphine tolerance and, at least in part, the associated NITH 
seems to support this possibility. Other excitatory neuromo- 
dulators such as cholecystokinin, likely to be released through 
the same mechanism of disinhibition, may also facilitate NMDA 
receptor activation through partial depolarization. This may be 
one of the mechanisms by which cholecystokinin can prevent 
the development of morphine tolerance as reported previously 
(Watkins et al., 1984; Kellstein and Mayer, 199 1). 

Thus, either of the two hypotheses (conjigurutionalsimilarity/ 
change and endogenous agonists) displays some consistencies 
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and inconsistencies with known experimental observations. It 
is our interest in future studies to investigate these and other 
possibilities further. It should also be emphasized that the pro- 
posed two hypotheses may not be mutually exclusive in terms 
of their roles in neural and molecular mechanisms of narcotic 
tolerance and NITH. For instance, configurational changes in 
EAA receptors may prime EAA receptors, thereby facilitating 
their activation in response to the released endogenous EAA 
following chronic morphine administration. 

Role of PKC and the associated intraceilular mechanisms in 
NITH 
Despite the unsolved mystery as to how EAA receptors become 
involved and activated in the neural process of the development 
of narcotic tolerance and NITH, both previous (Kolesnikov et 
al., 1993; Mayer et al., 1993) and present results clearly indicate 
that intracellular second messenger systems (PKC and nitric 
oxide), consequent to NMDA/non-NMDA receptor activation, 
play a critical role in neural and molecular mechanisms of nar- 
cotic tolerance and NITH. Given the properties of EAA recep- 
tors and the associated intracellular second messenger systems 
(Cotman and Monaghan, 1989; Mayer and Miller, 1990; Wil- 
cox, 199 l), we hypothesize that the initial coactivation ofNMDA 
and non-NMDA receptors within the spinal cord, somehow 
triggered by exogenous opiates, enables Na+ and, most impor- 
tantly, Ca*+ influx through ligand-gated and/or voltage-sensitive 
ion channels (Cotman and Monaghan, 1989; Mayer and Miller, 
1990; Wilcox, 199 1). The activation ofthe non-NMDA receptor 
helps to remove Mg’+ blockade by partial depolarization of the 
neuronal membrane (MacDonald and Nowak, 1990; Mayer and 
Miller, 1990). As shown in Figure 5, the resultant activation of 
intracellular second messenger systems such as PKC translo- 
cation/activation and nitric oxide production as well as the reg- 
ulation of gene expression may induce a number of subcellular 
functional changes including modulation of ion channel activity 
(Kaczmarek, 1987; Numann et al., 199 1; West et al., 199 1) and 
enduring changes in synaptic efficacy (Olds et al., 1989; Collin- 
gridge and Singer, 1990; Madison et al., 199 1; Wang et al., 1992). 
The modulation of the K+ channel complex by PKC (Alkon et 
al., 1988) may reduce the efficacy of the opiate receptor-K+ 
channel activity (functional downregulation), resulting in the 
development of tolerance to the analgesic effect of morphine. 
On the other hand, the modulation by PKC of the NMDA 
receptor (Chen and Huang, 1992) and the non-NMDA receptor 
(Wang et al., 1992) may increase the efficacy of the NMDA 
receptor-Ca”+ channel complex and non-NMDA receptor-Na+ 
channel complex (functional upregulation), leading to the de- 
velopment of hyperexcitability. The hyperexcitability of spinal 
cord neurons may, on the one hand, counteract opiate effects 
thereby exacerbating tolerance and, on the other hand, lead to 
the development of NITH resulting in hyperalgesic responses 
to peripheral noxious stimulation in the absence of exogenous 
opiates. 

A growing body of evidence suggests that similar neural and 
molecular mechanisms are involved in neurogenic and inflam- 
matory hyperalgesia (Davar et al., 199 1; Simon et al., 199 1; 
Coderre and Melzack, 1992a,b; Mao et al., 1992b,f, 1993; Ren 
et al., 1992a,b; Yamamoto and Yaksh, 1992; Tal and Bennett, 
1993; Yamamoto et al., 1993). Both NITH and neurogenic and 
inflammatory hyperalgesia involve CNS neuronal plastic changes 
resulting from EAA receptor activation and subsequent intra- 
cellular changes. The difference may be that in the former type 
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Figure 5. Schematic presentation of possible neural mechanisms sub- 
serving the development and expression of NITH and narcotic toler- 
ance. The abnormal coactivation of NMDA and non-NMDA receptors, 
resulting from EAA release from interneurons, descending pathways, 
and/or primary afferents as well as possible configurational changes 
coupled with opiate receptor activation, initiates intracellular second 
messenger systems such as PKC translocation/activation, production 
of nitric oxide (NO), and the regulation of gene expression. In turn, 
changes in K+ channel activity may result in functional downregulation 
of opiate receptors, leading to the development of morphine tolerance, 
while changes in Na+ and Ca’ ’ channel activity may enhance NMDA 
and non-NMDA receptor activity, resulting in the development of NITH. 
Similar changes may be initiated by the excessive release of EAAs from 
primary afferents induced by peripheral nerve injury or inflammation. 
Such EAA receptor-mediated neuronal plastic changes may be inter- 
rupted by NMDA and non-NMDA receptor antagonists or intracellular 
inhibitors of PKC and/or nitric oxide. 

such central changes are initiated by central opiate effects and 
in the latter type such central changes occur as a result of the 
release of EAAs from primary afferents (Fig. 5). 

Several previous and present experimental observations sup- 
port EAA receptor-mediated intracellular mechanisms sub- 
serving NITH. First, GM 1 ganglioside, an intracellular inhibitor 
of PKC translocation/activation (Vaccarino et al., 1987; Costa 
and Rodbell, 1988; Favaron et al., 1988; Magal et al., 1990), 
potently prevented the development ofboth morphine tolerance 
and NITH. Second, spinal cord levels of membrane-bound PKC 
(the translocated form) reliably increase in morphine-tolerant 
rats, a process also potently inhibited by intrathecal GM1 ad- 
ministration (Mayer et al., 1993). Third, since PKC-mediated 
changes in neuronal excitability that lead to the development 
of NITH conceivably have developed gradually over the period 
ofchronic morphine treatment as proposed above, a single treat- 
ment with GM1 ganglioside (a PKC inhibitor) is unlikely to 
reverse NITH that has already been established. Indeed, in the 
present experiments, a single GM1 treatment failed to reverse 
NITH. Fourth, our recent study utilizing a behavioral test (cau- 
dally directed biting and scratching) suggests increases in spinal 
cord NMDA and non-NMDA receptor activity in morphine- 
tolerant rats with demonstrable NITH (J. Mao, D. D. Price, and 
D J. Mayer, unpublished observations). In this study, biting and 
scratching elicited by intrathecal NMDA or kainate were in- 
creased in morphine-tolerant rats. On the other hand, substance 
P, a neuropeptide that activates a component efferent to the site 
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ofNMDA and non-NMDA receptors within the neural circuitry 
that mediates biting and scratching in rats (Frenk et al., 1988; 
Mao et al., 1992a), did not produce increased responses in tol- 
erant rats. Finally, since the expression of NITH is thought to 
be mediated through increased activity of NMDA and non- 
NMDA receptors, EAA receptor antagonists would be expected 
to reverse the NITH that has been established. In the present 
experiments, MK 80 1 and CNQX, which block NMDA and non- 
NMDA EAA receptors, respectively, indeed potently reversed 
NITH. In contrast, although the development of morphine tol- 
erance is related to the activation of NMDA/non-NMDA re- 
ceptors and subsequent intracellular events as proposed above, 
the expression of tolerance may be mainly related to the de- 
creased responsiveness of the opiate receptor to morphine. This 
may explain why a single treatment with the NMDA receptor 
antagonist fails to reverse morphine tolerance as demonstrated 
in previous experiments (Trujillo and Akil, 199 1). Nevertheless, 
systematic investigations on the roles of EAA receptors and 
associated intracellular second messenger systems as well as 
their relationships are likely to elucidate neural and molecular 
mechanisms of narcotic tolerance and NITH. 

Implications for clinical narcotic treatment 

A major drawback of narcotic analgesics for the treatment of 
pain is the development of tolerance and dependence. The de- 
velopment of tolerance necessitates an increase in drug doses, 
which results in serious side effects, while the presence of severe 
physical dependence makes narcotic withdrawal extremely un- 
pleasant. That hyperalgesia develops in association with the 
development of morphine tolerance as demonstrated in the 
present experiments raises the possibility that the decreased 
efficacy of narcotics following the repeated administration may 
be the result of the development of both narcotic tolerance and 
NITH; that is, the development of narcotic tolerance may be 
exacerbated following the development of NITH. In this sense, 
a subject treated with narcotics may perceive more pain, in part 
due to the development of NITH, in response to a preexisting 
painful condition even though there is actually no substantial 
increase in the intensity of peripheral factors causing pain. Thus, 
progressively higher narcotic doses are needed to overcome the 
loss of analgesic effects of narcotics due to the development of 
both tolerance and NITH. In turn, a vicious cycle may be ini- 
tiated involving higher narcotic doses, more tolerance, and greater 
NITH. This potential interaction between the development of 
narcotic tolerance and NITH conceivably has contributed to a 
number of clinical conditions such as postoperative pain and 
cancer pain in which the use of narcotic analgesics is often the 
only remaining choice (Wall and Melzack, 1984; Wall, 1988). 
In other words, the need for higher narcotic doses in the process 
of treating these painful conditions may be in part due to the 
development of NITH, which itself results from narcotic ad- 
ministration. 

Just as pain can be exacerbated by narcotic tolerance, it is 
conceivable that narcotic tolerance is exacerbated by pain, since 
the development of tolerance and NITH have been shown to 
be mediated by NMDA/non-NMDA receptor activation and 
intracellular PKC changes. Pathological conditions such as neu- 
rogenic and inflammatory pain states in which central NMDA 
and non-NMDA receptor activation and subsequent PKC trans- 
location/activation are critically involved (Davar et al., 1991; 
Mao et al., 1992b-d,f, 1993; Yamamoto and Yaksh, 1992; Tal 
and Bennett, 1993) may facilitate the development of narcotic 

tolerance. Thus, in the case of neurogenic or inflammatory pain 
states, the activation of NMDA and non-NMDA receptors in- 
volved in the development of both tolerance and NITH may 
be induced by abnormal release of EAA from the affected pri- 
mary afferents (Fig. 5). Consequently, the development of nar- 
cotic tolerance may be greatly exacerbated upon exposure to 
exogenous narcotics under such circumstances. This may ex- 
plain, at least in part, why narcotic analgesics are said to be 
relatively ineffective in ameliorating neuropathic pain syn- 
dromes including hyperalgesia in both clinical and laboratory 
studies (Davar and Maciewicz, 1989; Portenoy et al., 1990; 
Dubner, 199 1 b; Kupers et al., 199 1). 

Should such a process be involved in a variety of clinical pain 
states treated with narcotic analgesics, the use of NMDA and 
non-NMDA receptor antagonists or intracellular inhibitors 
blocking one or more of the related second messenger systems 
in combination with narcotic analgesics may prove useful in 
preventing the development of narcotic tolerance and the as- 
sociated hyperalgesia. The clinical utility of narcotic analgesics 
could thereby be greatly enhanced. In support of this view, the 
use of MK 801 has been shown to increase the analgesic effect 
of morphine on thermal hyperalgesia in a rat model of carra- 
geenan-induced inflammation (Yamamoto et al., 1993). It can 
be anticipated that further clarification of interactions between 
the development of narcotic tolerance and NITH at the level 
of neural circuitry as well as at the level of intracellular events 
will help to better understand hyperalgesia that may be common 
to central hyperalgesic states associated with morphine tolerance 
in particular as well as diverse pathological etiologies in general. 
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