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Spinal amino acid release and repeated withdrawal in spinal
morphine tolerant rats
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1 We used spinal microdialysis in awake rats to investigate whether the repeated withdrawal with
naloxone during continuous spinal infusion of morphine would lead to a progressively greater spinal
glutamate release and a more pronounced intrathecal tolerance.

2 Rats received lumbar intrathecal (IT) infusion of morphine (IT-M: 20 nmol ul~' h™') or saline
(IT-S: 1 ul h™") continuously for 3 days. Both groups were further subdivided to receive
intraperitoneal (i.p.) injection of naloxone (IP-N: 0.6 mg kg=') or saline (IP-S: 3 ml kg=') every
24 h after the beginning of IT infusion. Daily thermal escape latencies, withdrawal signs, the resting
basal release of spinal amino acids before IP injection and the release immediately after the injection
(evoked) were measured.

3 Rats receiving IT morphine showed a maximum increase in thermal escape latency on day 1,
after which this value declined, with the fastest decline observed in IT morphine+IP naloxone
group. On day 1, no significant difference was observed among groups in the resting basal release of
amino acids. Rats in IT morphine+i.p. naloxone group displayed a progressive increase in this
value. The release was not significantly altered in other groups.

4 For the IT-M +1IP-N group, basal resting dialysate concentrations of Glu, Asp and Tau rose
steadily over the 3-day infusion interval. No change in basal resting release was noted for any other
treatment.

5 Evoked release (after i.p. naloxone) in IT-M animals displayed a progressive increase over the
three repeated exposures. Evoked release did not change significantly in other treatment groups.

6 The degree of precipitated withdrawal significantly correlated with the increase in glutamate
acutely evoked by i.p. injection.

7 The present results show that periodic transient withdrawal of spinal opiate agonist activity leads
to a progressive increase in glutamate outflow and withdrawal signs, in a manner consistent with an

© 2003 Nature Publishing Group Al rights reserved 0007-1188/03 $25.00 '@
www.nature.com/bjp

enhanced development of spinal tolerance.

British Journal of Pharmacology (2003) 138, 689—697. doi:10.1038/sj.bjp.0705102

Keywords: Morphine; tolerance; amino acid; withdrawal; spinal; antagonism
Abbreviations: 1T, intrathecal; NMDA, N-methyl-D-aspartate
Introduction

Intrathecal co-administration of an NMDA antagonist with
morphine prevents the reduction of analgesic activity
otherwise observed with repeated opiate exposure alone
(Gutstein & Trujillo, 1993; Mao et al., 1994; Dunbar &
Yaksh, 1996), while intrathecal NMDA antagonism will
attenuate precipitated withdrawal behaviours evoked by
naloxone injections in morphine-tolerant animals (Gutstein
& Trujillo, 1993; Mao et al., 1994; Dunbar & Yaksh, 1996).
Importantly, acute delivery of the NMDA antagonist after
the onset of spinal tolerance will reduce the magnitude of
withdrawal signs but will not reverse the opiate tolerance
(Dunbar & Yaksh, 1996; Jhamandas et al., 1996; Dunbar &
Pulai, 1998), suggesting the importance of an ongoing

*Author for correspondence; E-mail: tibuki@koto.kpu-m.ac.jp
Current addresses: “Department of Anesthesiology, Kyoto Pre-
fectural University of Medicine, Kyoto, 602-8566, Japan;
*Department of Anesthesiology and Critical Care Medicine,
Kagoshima University, School of Medicine, Kagoshima, 890-8520
Japan

glutamate release during opiate exposure and during with-
drawal.

As glutamate receptor activation must occur during
tolerance development and in withdrawal (as evidenced by
the actions of NMDA antagonists), we hypothesized that
there is a corresponding increase in glutamate release during
tolerance development and during opiate withdrawal. In rats
rendered tolerant to systemic or to spinally delivered
morphine, precipitated withdrawal will increase significant
glutamate release in the locus coeruleus (Aghajanian et al.,
1994) and from the spinal cord (Jhamandas et al., 1996),
respectively. However, spinal glutamate release during the
development phase of tolerance displayed little change in
resting levels over the interval of morphine infusion
(Jhamandas et al., 1996).

Given the role of glutamate receptor activation in tolerance
development, the above work led us to hypothesize that
periodic withdrawal of opiates would yield corresponding
intervals of increased glutamate release, and the increased
release would lead to augmented tolerance development. This
hypothesis is counterintuitive, as tolerance and dependence
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are considered to be related to the duration and magnitude of
opiate exposure with systemic (Cox et al., 1975; Yano &
Takemori, 1977; Bhargava, 1978) and intrathecal opiates
(Stevens & Yaksh. 1989a, b, c). Reducing occupancy would
therefore be expected to diminish tolerance. We demonstrated
that periodic blockade of opiate receptor occupancy by daily
naloxone injections in rats chronically infused with morphine
resulted in an exaggerated rate of tolerance development
(Ibuki et al., 1997). This suggested that periodic cycling of
opiate receptor activation does indeed lead to an enhanced
development of tolerance.

From these results, we now hypothesize that corresponding
to the augmented tolerance associated with daily transient
receptor antagonism with naloxone under continuous
morphine infusion, there will be a progressive increase in
the spinal release of excitatory amino acids. Accordingly, the
specific aims of this study were to confirm the previous
finding that repeated transient naloxone antagonism exagge-
rates tolerance development and to extend these observations
according to the several hypotheses outlined above by (1)
observing the effect of continuous intrathecal (IT) morphine
infusion or continuous morphine infusion with daily
naloxone antagonism on daily resting spinal amino acid
release; (2) measuring the acute changes in spinal amino acid
release from the daily resting release evoked by daily
naloxone treatment; and (3) assessing the correlation between
acute changes in spinal amino acid release and the magnitude
of withdrawal behaviour.

Methods

All experiments were performed according to protocols
reviewed and approved by the Institutional Animal Care
Committee of the University of California at San Diego.

Animals

Male Sprague Dawley rats weighing 300—350 g were housed
on a 12-h light/dark cycle and given free access to food and
water before and following the surgery and daily treatments.
On the last day of the study, rats were sacrificed by
pentobarbital injection.

Experimental design

Animals were randomly assigned to one of four groups at the
time of surgery to receive the following treatment:

(1) IT-M+IP-N: intrathecal (IT) morphine (20 nmol h™")
with daily intraperitoneal (i.p.) injection of naloxone
(0.6 mg kg™') (n=8);

(2) IT-M+IP-S: IT morphine (20 nmol h~') with daily i.p.
injection of saline (3 ml kg™') (n=6);

(3) IT-S+IP-N: IT saline (1 ul h—") with daily i.p. injection
of naloxone (0.6 mg kg~") (n=38); or,

(4) IT-S+IP-S: IT saline (1 ul h™") with daily i.p. injection
of saline (3 ml kg=') (n=06).

On each day of infusion (I to 3), the thermal escape
latency was assessed. The dialysis catheter was then
connected. After an initial 30 min washout, samples for

resting basal amino acid release were taken. Accordingly,
testing of thermal escape latency preceded resting basal
sample collection by approximately 30—40 min. The rat was
then given the i.p. treatment (naloxone or saline), and
additional samples were collected following a 7-min stabiliza-
tion period to measure the spinal amino acid release evoked
by the i.p. injection. Withdrawal signs were observed and
quantified during the microdialysis period. In our previous
study, naloxone 0.6 mg kg~!' i.p. was shown to produce
approximately 2 h of reversal (Ibuki et al., 1997).

Animal preparation

Rats were prepared with a chronically implanted spinal loop
dialysis catheter to measure release from the intrathecal space
and a catheter connected to an osmotic minipump to deliver
morphine.

Catheter preparation For intrathecal infusion, stretched
PE10 catheters were prepared as previously described and
connected to an osmotic minipump (Model 2002: 1 ul h™';
Alza, Palo Alto, CA, U.S.A)) filled with morphine sulphate
solution or saline (0.9%) immediately prior to implantation,
(Dunbar & Yaksh, 1996; Jhamandas et al., 1996; Ibuki et al.,
1997). This pump is designed to deliver the drug at a constant
rate of 1 ul h=! for 7 days, after an initial activation period in
the animal of approximately 4 h.

For intrathecal dialysis, the intrathecal loop microdialysis
catheter was constructed of hollow cuprophan fibers (Filtral,
AH 69-HF), as previously described (Marsala et al., 1995).
Briefly, an 18-cm fibre was covered with epoxy to block
permeability except for a 4-cm portion at the central part of
the fibre (active dialysis site). After the epoxy had dried, a
thin copper wire was inserted through the catheter to stiffen it
for implantation, and the catheter was then folded so that the
active site formed a loop. The two ends of the microdialysis
loop catheter were glued to a 4-cm long PE 10 tube and fused
to one another.

Implantation surgery As previously described (Jhamandas et
al., 1996), rats were anaesthetized with halothane (1-2% in
room air) and placed in a stereotaxic head holder. A midline
incision was made and the atlanto-occipital membrane
exposed. The microdialysis catheter was inserted through a
small slit in the dura and arachnoid membrane. The catheter
was then passed intrathecally to a depth of 8.5 cm, to the
level of the lumbar intrathecal space. This was followed by
insertion of the intrathecal catheter for drug delivery. The
two free ends of the microdialysis catheter (PE 10 tube) were
externalized percutaneously on the top of the head and
plugged with stainless steel pins. The intrathecal catheter was
also externalized through the skin at the top of the skull. The
minipump was then attached to the catheter and implanted
subcutaneously in a pocket on the upper neck and the wound
sutured. After recovery from anaesthesia, the rat was
returned to its cage. Animals showing signs of a neurological
disorder were euthanized with an overdose of barbiturate.

Spinal amino acid release

Microdialysis procedures On days 1, 2 and 3 following
implantation surgery, spinal microdialysis was performed to
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assess amino acid release immediately before (resting basal
release) and after (evoked release) an i.p. injection of
naloxone or saline in animals receiving continuous IT
infusion of morphine or saline. First, the two ends of the
microdialysis catheter were connected to PE 50 tubing to
create inflow and outflow connections. The rat was placed in
a clear Plexiglas chamber and dialysis was initiated.
Artificial cerebrospinal fluid (ACSF) consisting of (mMm)
Na+ 151.1, K+ 2.6, Mg** 0.9, Ca’>" 1.3, CI- 1227,
HCO;~ 21, HPO, 2.5, and dextrose 3.5, was used as the
perfusion solution and infused at a rate of 10 ul min—'.
ACSF was bubbled with 95% 0,/5% CO, and the final pH
was adjusted to 7.2 prior to use. After connection, a 30-min
washout period was completed and two baseline samples
were collected (10-min collection time for each sample).
Then, each animal received an i.p. injection of either
naloxone or saline, and a 7-min stabilization period was
followed by two sample collections (10-min collection time
for each sample). Samples were collected on ice and frozen
at —20°C until analysis by high performance liquid
chromatography (HPLC). Following the final sample
collection, the inflow and outflow tubes were disconnected
and the rat was returned to its cage. On day 3, the animals
were sacrificed with an overdose of barbiturate following the
final sample collection.

Amino acid analysis Dialysis samples were analysed for
different amino acids by phenyl- isothiocynate derivatization
procedure (Jhamandas et al., 1996) using a Waters HPLC
equipped with a reverse phase C-18 column (3.9 x 300 mm,
4 mm particle) and u.v. detector (Waters). Methionine
sulphone was added to each sample as an internal standard.
External standards (40, 400 and 4000 pmol of authentic
amino acids) were run at the beginning and end of each
sample group. Peak heights were normalized to the
methionine sulphone peak and then quantified based on a
linear relationship between peak height and the amounts of
corresponding standards. Sensitivity was 5-—10 pmol per
injection.

Behavioral testing

Antinociceptive testing The assessment of nociceptive thresh-
olds was performed using a 52.5°C hot plate. Hot-plate
latency was measured as the time interval between the
placement of the feet on the surface of the copper plate and a
response of one of the following: licking of either hind paw,
jumping off the hot plate, or extreme agitation or
vocalization. A cut-off time in the absence of a response
was set at 60 s.

Opioid withdrawal testing Following the i.p. injection of
saline or naloxone, during the microdialysis period, rats
were assessed for withdrawal signs: allodynia (light touch,
air puff), spontaneous vocalization, abnormal body
posture, ejaculation, urination, diarrhoea, exophthalmus,
piloerection, head shakes, hind limb extension, chewing
and licking response, and tremor. The withdrawal signs
were quantified using a rating scale of 1 to 3 (mild,
moderate and severe) on a standardized score sheet (Milne
et al., 1985; Cridland et al., 1991; Jhamandas et al., 1996).
Each withdrawal sign was scored separately and the total

score for a rat was then calculated by adding the score of
each component.

Data expression and statistics

Based on the proposed hypotheses, spinal amino acid release
was analysed in two ways. First, baseline spinal release for
each animal prior to the i.p. injection of saline or naloxone
was expressed as a per cent of the baseline release of that
animal observed on day 1. Secondly, the release during each
period after i.p. naloxone or saline was expressed as a
percentage of pre injection baseline for that day. Statistical
analysis of antinociceptive testing was done with a one-way
ANOVA across groups, as appropriate. For comparisons of
single groups over time (e.g. days 1, 2 and 3), a one-way
repeated measures ANOVA was accomplished. If the one-
way ANOVA was significant, a Dunnett’s z-test was carried
out for post hoc analysis. For presentation purposes, group
data are presented in a ranked order with adjacent pairs
being shown as statistically significant (P<0.05) with ‘<’ or
not different with ‘=’. Examination of the covariance
between behaviour and the release of various amino acids
was accomplished using linear regression analysis, plotting
the behavioural score during withdrawal versus the release
for each individual animal and the regression calculated using
STATVIEW. A P-value of <0.05 was considered significant.

Results
Development of opioid antinociceptive tolerance

Continuous IT saline infusion had no effect on hot plate
response latency over the 3-day interval, (P> 0.05) (Figure 1).
Intraperitoneal injection of naloxone in the saline-infused rats
did not alter the ongoing baseline hot plate response latency
over the time course of 3 days as compared to i.p. injection
of saline (Figure 1, P>0.05).

In contrast to the intrathecal infusion of saline, rats
receiving continuous IT morphine infusion showed a
significant elevation of their hot plate response latency on
day 1 to an almost maximum latency (Figure 1). Thus, the
rank order of thermal escape latency measured 24 h after the
initiation of spinal infusion (day 1) and prior to the injection
of i.p. naloxone or saline was: IT-M+IP-N=IT-M +1IP-S
>IT-S+IP-N=IT-S + IP-S = pre-infusion baseline (one-way
ANOVA; P<0.05).

In all morphine-infused animals, a daily progressive
reduction was observed in antinociceptive activity over the
ensuing days (Figure 1). The magnitude of the decline for the
morphine infused rats differed for rats treated daily with i.p.
naloxone (group IT-M + IP-N) or saline (IT-M + IP-S). Thus,
on days 2 and 3 of infusion, the ordering of the thermal
escape latency measured 24 h after the preceding i.p. injection
was: day 2: IT-M+IP-S>IT-M+IP-N=IT-S+IT-N=IT-
S +IP-S =pre-infusion baseline (one-way ANOVA; P<0.05)
and, day 3: IT-M+IP-S>IT-M +IT-N=IT-S+IP-N=IT-
S +IP-S =pre-infusion baseline, respectively (one-way ANO-
VA; P<0.05). Thus, periodic transient naloxone antagonism
enhanced the loss of antinociceptive activity of continuously
infused morphine, as measured daily 24 h after the preceding
i.p. injection of naloxone.
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692 T. Ibuki et al

Spinal amino acid release and tolerance

Spinal amino acid release

As shown in Table 1, no significant difference was observed
in the resting basal release of glutamate (Glu), aspartate
(Asp), taurine (Tau), serine (Ser), glycine (Gly) or glutamine
(Gln) among all groups of rats on day 1 prior to the i.p.
delivery of naloxone or saline. Citrulline levels were typically
at or below detectable limits and the analysis of these data
were not pursued.
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Figure 1 Daily changes in hot plate response latency in rats treated
with continuous intrathecal (IT) infusion of morphine (M)
(20 nmol h™") or saline (S) and daily intraperitoneal (i.p.) injections
of naloxone (N) (0.6 mg kg~') or saline (S). (IT-M +IP-N, rats with
continuous IT infusion of morphine for 3 days and daily i.p. injection
of naloxone; IT-M+IP-S, rats with continuous IT infusion of
morphine for 3 days and daily i.p. injection of saline; IT-S+IP-N,
rats with continuous IT infusion of saline and daily i.p. injection of
naloxone; IT-S+IP-S, rats with continuous IT infusion of saline and
daily i.p. injection of saline). Each test was performed prior to the
daily injection of naloxone or saline. Each line represents the
mean +s.e.mean of six rats. Both IT-M +1IP-N and IT-M +IP-S, the
withdrawal latency on day 1 was significantly increased from the
baseline and then declined. The development of tolerance was more
enhanced in IT-M+IP-N compared with IT-M +IP-S. One-way
repeated measures ANOVA (P<0.05). Vertical arrows indicate
differences of P<0.05.

Table 1 Resting amino acid release on day 1*

Resting basal spinal amino acid release For the IT-M + IP-S,
IT-S+IP-N and IT-S+IP-S groups, the baseline release
(prior to i.p. saline or naloxone) of Glu, Asp and Tau did not
change significantly over the 3 infusion days (one-way
ANOVA, repeated measures, P>0.05). In contrast, in the
IT-M +IP-N group, baseline concentrations of Glu, Asp and
Tau rose steadily over the 3-day infusion interval, and this
increase was significant on day 3 (one-way ANOVA, repeated
measures, P<0.05; Dunnett’s z-test, P<0.05 as compared to
day 1). Figure 2 shows the daily spinal Glu, Asp, Tau and
Ser release expressed as a percentage increase from day 1
resting levels. The dialysate concentrations of other amino
acids, including Ser, Gly and Gln, were not altered.

Evoked spinal amino acid release after IP saline or Naloxone
injection In rats continuously infused with IT morphine, a
progressive daily increase in the percentage increase in the
dialysate concentrations of Glu, Asp and Tau was observed
after i.p. naloxone (IT-M+IP-N group: One-way ANOVA,
repeated measures, P<0.01; Dunnett’s z-test, P<0.05 as
compared to day 1). Figure 3 shows the post i.p. injection
release expressed as a percentage increase from the respective
daily baseline release following i.p. saline or naloxone on day
1, 2, 3 for Glu, Asp and Tau. As indicated, after naloxone
infusion, a 2.5 fold or greater increase was observed on day
3. There were no changes in Ser dialysate concentrations in
this group.

In rats receiving continuous IT saline infusion and daily
naloxone or saline injections or IT morphine infusion and
daily i.p. saline (IT-S + IP-N and IT-S+IP-S and IT-M + IP-S)
no statistically significant changes were observed in the release
of any spinal amino acid (one-way ANOVA, P>0.10).

Behaviour

The withdrawal scores reported in this study, shown in
Figure 4 represent naloxone-induced behaviour (allodynia to
light touch or air puff, abnormal posture and spontaneous
vocalization) and autonomic hyperactivity (urination, diar-
rhoea, ejaculation, piloerection, and exopthalmus). Rats
receiving continuous IT saline infusion and daily i.p.
naloxone (IT-S+1IP-N) or i.p. saline (IT-S+1IP-S) injection
showed no sign of withdrawal over a period of 3 days. The
group mean +s.e.mean withdrawal index score on day 3 was
IT-S+IP-N=0.640.1; IT-S+IP-S=0.540.1, out of a pos-
sible maximum score of 30 which was not different from day
1 (two one-way ANOVA repeated measures, P>0.05).

Treatment group

(Day 1: Baseline spinal amino acid release prior to i.p. saline or naloxone)

Amino acid S+S S+N M+S M+N
Glutamate (Glu) 82 (56-110) 77 (42—-110) 113 (55-163) 104 (80— 150)
Aspartate (Asp) 6(2-9) 7(5-12) 7 (0-14) 6 (0-10)

Taurine (Tau)
Serine (Ser)
Glycine (Gly)
Glutamine (Gln)

267 (119-380)
430 (296—637)
567 (264 —850)

1766 (842—2300)

264 (160-398)
490 (353-753)
619 (241-1031)

2009 (1350 —2480)

286 (187—444)

493 (257-925)

717 (253-1307)
2400 (1497 - 3825)

298 (196 550)
560 (285-795)
768 (307-1112)

2441 (1690 - 3481)

*Mean resting concentration of glutamate, aspartate, taurine, serine, glycine and glutamine in lumbar dialysates or rats from each
experimental group (pmol 100 1 ~"), measured at 24 h after initiation of intrathecal infusion of saline (S) or morphine (M) and prior to
the i.p. delivery of saline (S) or Naloxone (N). Data in parentheses represent range of values for that group and amino acid.
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Figure 2 Daily release of spinal amino acids expressed as a
percentage of day 1 resting basal levels (prior to i.p. naloxone or
saline) in four groups of rats (as described in Figure 1). Samples were
collected by microdialysis prior to the daily intraperitoneal injection
of saline or naloxone. Daily basal spinal glutamate release increased
modestly in rats with continuous morphine infusion and daily saline
injections. The release was significantly elevated in rats treated with
morphine infusion and daily naloxone injections on days 2 and 3.
The baseline spinal release of taurine in IT-M + IP-N group was also
increased significantly on day 3. Each line represents the mean+
s.e.mean of six rats. ¥P<0.05 versus release in other groups on that
day, one way ANOVA, Dunnett’s t-test post hoc comparison).

Rats with continuous morphine infusion and daily saline
injections (IT-M + IP-S) also showed few signs of withdrawal.
The group mean +s.e.mean withdrawal index score on day 3
was 4.2+1.1.

All rats with continuous morphine infusion and naloxone
injections (IT-M +1IP-N) showed behaviours indicative of
significant withdrawal on days 2 and 3, with the highest
scores on day 3. The group mean+s.e.mean withdrawal
index score on days 1, 2 and 3 for the IT-M +IP-N group
were: day 1=3.1+0.9; day 2 = 8+1.1 and day 3=19+3.2
(one-way ANOVA, repeated measures; P<0.05; Dunnett’s ¢-
test, P<0.05 as compared to day 1).

Correlation between spinal amino acid release and
withdrawal behaviour

Regression lines were plotted for the relationship between the
increase in Glu, Asp, Tau, and Ser from daily resting release,
and the total withdrawal scores for each animal from all four

Infusion Day

Figure 3 Daily spinal glutamate, aspartate, taurine and serine
release in the four groups measured concurrently after the injection
of intraperitoneal (i.p.) naloxone (0.6 mg kg~ ") or saline (S). Release
is expressed as the percentage of the respective daily resting, prior to
i.p. naloxone or saline in rats undergoing continuous intrathecal (IT)
infusion of morphine (M) (20 nmol h™") or saline (S). The increases
in glutamate, aspartate and taurine from the resting release were
significant on day 3 in rats with IT morphine infusion and daily i.p.
naloxone injections. There was no significant change in the release of
spinal serine in any group. Each line represents the mean +s.e.mean
of six rats. ¥*P<0.01 versus release in other groups on that day, one
way ANOVA Dunnett’s ¢-test comparison.

treatment groups. Table 2 and Figure 5 (for Glu and Ser)
represents the results. As shown in these graphs and table,
significant correlation was observed between the withdrawal
scores and the increase from the resting release of Glu and
Tau on days 1, 2 and 3 (P<0.05) and for Asp on day 3
(P<0.05) following drug injection. As shown in the R? value,
the withdrawal signs displayed the most significant correla-
tion with the increase in the release of glutamate on day 3.
For serine, no significant correlation was present.

Discussion

Spinal NMDA receptors appear to play two distinct roles in
the sequelae associated with chronic spinal opiate delivery.
First, co-administration of NMDA receptor antagonists with
morphine reduces the loss of effect observed with continued
or repeated exposure of the system to the agonist (morphine).
Importantly, as reviewed, the acute delivery of NMDA
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Figure 4 Figure shows the daily changes of the prominence of the
precipitated withdrawal, as reflected by the withdrawal index.

Table 2 Correlation between changes in the release of
amino acids and withdrawal scores*

Amino acid Day 1 Day 2 Day 3

Glutamate  0.642 (0.0001)  0.476 (0.010)  0.948 (<0.0001)
Aspartate  0.277 (0.155)  0.032 (0.873)  0.652 (0.0001)
Taurine  0.820 (<0.0001) 0.708 (<0.0001) 0.927 (<0.0001)

Serine —0.082 (0.680)  0.068 (0.734) 0.295 (0.128)

*Figures in the table are the correlation (r) between changes
in the release of glutamate, aspartate, taurine and serine
following the daily injection and withdrawal scores in rats
from all experimental groups. Figures in the brackets are the
P values.

antagonists in a morphine tolerant animal does not ‘reverse’
tolerance. Secondly, naloxone in a spinal morphine tolerant
rat evokes withdrawal and hyperalgesia, which are reversed
by spinal administration of NMDA antagonist (Mao et al.,
1994; Dunbar & Yaksh, 1996). These results led to the
hypothesis that glutamate is released during tolerance and
withdrawal, and that the subsequent activation of the
NMDA receptor is a causal linkage in the observed effects.
In subsequent work, however, we observed that over the time
course of spinal tolerance, there was no increase in spinal
excitatory amino acid (EAA: glutamate and aspartate)
concentration in the dialysate, but that with a bolus injection
of i.p. naloxone, there was an increase in spinal EAA release
that corresponded to the magnitude and time course of the
withdrawal behaviour (Jhamandas et al., 1996). These
observations thus suggested that if the NMDA receptor were
playing a causal role in the tolerance process, then the resting
EAA release might provide sufficient receptor occupancy to
initiate the progressive changes that led to loss of opiate
agonist action. These observations led to the next series of
studies in which it was reasoned that an enhanced glutamate
release might augment tolerance development. In behavioural
studies, we then demonstrated that periodic naloxone reversal
will initiate an enhanced tolerance to the antinociceptive
effects of continuously infused intrathecal morphine (Ibuki et
al., 1997). These observations then led to the present studies
in which we sought to determine if the repeated delivery of
naloxone would lead to an enhanced spinal EAA release. We
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Figure 5 Figure shows the regression and correlation (r) between
changes in the release of glutamate and serine following the daily
injection and withdrawal scores in rats from the four experimental
treatment groups (see text for further detail).

reasoned that if the magnitude of tolerance was augmented
by periodic delivery of naloxone that the delivery of naloxone
should lead to progressively greater degrees of spinal EAA
release and enhanced withdrawal signs.

The present studies indeed demonstrated that with repeated
withdrawal, there was a more rapid loss of opioid
antinociception; there was an attendant increase in spinal
EAA release with each repetition of the naloxone exposure
and the magnitude of the attendant withdrawal signs rose
over the course of the naloxone repetitions.

Spinal microdialysis and amino acid release

Loop dialysis catheter systems have been extensively
employed to assess the concentration of dialyzable substances
in the Iumbar intrathecal space of amino acids and
prostanoids. Peripheral stimuli such as the injection of
irritant into the paw (Malmberg & Yaksh, 1992a, b;
Malmberg & Yaksh, 1995), inflammation of the knee joint
(Yang et al., 1996a) or central stimulus, such as intrathecal
kainate or nicotine (Yang et al., 1996b; Khan et al., 1996)
have been shown to enhance the release of glutamate,
aspartate and taurine, but not that of other amino acids,
such as serine, glycine or asparagine. Importantly, this release
is stable over intervals as long as 7—10 days (Marsala et al.,
1995). In the present experiments, an increase in daily resting
and naloxone-evoked release was observed with glutamate,
aspartate and taurine. In contrast, similar changes were not
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observed with any of the other amino acids, including serine
or glutamine. This differential effect upon dialysate concen-
trations of the amino acids confirms that the effects were not
the result of a nonspecific change in collectability or dialysis
membrane function. Glutamate and aspartate are considered
to be principal excitatory neurotransmitters (Mayer &
Westbrook, 1987), and taurine has inhibitory effects during
excitation (Lehman et al., 1984). Increased release of taurine
may be an early protection mechanism against excitability
and neurotoxicity, as previously reported (Menendez et al.,
1989). The spinal release of serine and glutamine did not
change following naloxone injection, a finding which
presumably reflects their roles in metabolic and not
transmitter processes (Thanki et al., 1983).

Tolerance and spinal amino acid release

In the IT morphine-infused rat receiving daily i.p. naloxone
(IT-M +1P-N), we identified three distinct effects: (i) i.p.
naloxone evoked an increase in spinal EAA release in animals
receiving continuous IT morphine infusion, (ii) this evoked
increase was increased over the 3-day infusion interval, and
(iii) there was an unexpected persistent and progressive
increase over the 3-day infusion intervals in the baseline
release of glutamate, aspartate and taurine.

Notably, there was a progressive enhancement of daily
baseline glutamate, aspartate and taurine release, as assessed
prior to the injection of naloxone in animals receiving
continuous IT morphine. This increase was not observed in
morphine-infused animals receiving i.p. saline or in animals
receiving i.p. naloxone and IT saline infusions. Moreover,
this effect was related to the withdrawal induced by naloxone
in opiate-tolerant rats. While naloxone acutely increases
spinal excitatory amino acid (EAA) release in morphine
tolerant animals (Jhamandas et al., 1996), the effects noted
24 h after naloxone dosing do not reflect a persistence of the
antagonist. Naloxone was injected at a dose previously
observed to produce significant reversal for approximately
2 h (Ibuki et al., 1997). This is consistent with the known
half-life of naloxone in rat brain and plasma, which is
approximately 0.4 h (Misra et al., 1976). Accordingly, by
pharmacokinetic and behavioural criteria in morphine-
infused rats, the effects noted 24 h after naloxone dosing
does not reflect a residual presence of naloxone.

The observation that the naloxone-evoked spinal release of
glutamate, aspartate and taurine in morphine-tolerant
animals increased daily is consistent with the observation
that an increased duration of opiate exposure leads to a more
dependent state. In the present study, we did not examine the
effects of naloxone on day 3 in rats receiving IT morphine
and daily i.p. saline. In a previous study, we showed that the
delivery of naloxone given only once after 4 days of IT
morphine infusion resulted in an absolute increase in spinal
glutamate baseline release, which was 3 fold that of pre-
intrathecal infusion glutamate baseline release (Jhamandas et
al., 1996). In contrast, in the present study, with only 3 days
of infusion and daily i.p. naloxone, the evoked Glu, Asp and
Tau release was approximately 5—6 fold that of pre-infusion
release. Note that basal glutamate release on day 3 with daily
naloxone was increased approximately 2.2 fold as compared
to day 1, and naloxone-evoked release as compared to day-3
basal release was increased approximately 2.5 fold. These

results are consistent with the greater dependence in daily
naloxone-treated, continuously morphine infused rats.

Mechanisms underlying repeated spinal withdrawal and
enhanced tolerance

The relationship between glutamate release and opiate
receptor tolerance is complex and likely reflects several
components. One possible cascade involves activation of
cellular kinases, particularly PKC. Mu opiate agonists
through Phospholipase C increase neuronal IP3 (Tsu &
Wong, 1996), increasing [Ca?"]; through intracellular storage
sites. Ca?* activates PKC which can phosphorylate the
NMDA receptor or a related protein. NMDA receptor
phosphorylation increases the functionality of the NMDA
ionophore which serves to increase calcium flux (Cerne et al.,
1993). The importance of this linkage to opioid tolerance is
suggested by the observation from several laboratories that
intrathecal PKC inhibitors, dose-dependently and stereospe-
cifically reverse or attenuate the tolerance induced by chronic
spinal opiate exposure (Mayer et al., 1995; Narita et al., 1996;
Granados-Soto et al., 2000). Previous work has shown that
increased NMDA receptor activity can lead to downstream
events which include an increase in the spinal release of
excitatory transmitters including substance P, glutamate and
prostaglandins (Liu ez al., 1997; Yaksh et al., 2001) and that
such increased spinal receptor activity can initiate prominent
states of facilitated nociceptive processing (hyperalgesia)
(Yaksh et al., 1999). This cascade suggests the presence of
a positive feed back that would arise from the enhanced PKC
expression and activity that arises during the above noted
opiate withdrawal. Accordingly, increased glutamate release
during withdrawal of opioid receptor occupancy would serve
to antagonize the antinociceptive effect of IT morphine
(Srivastava et al., 1995) and additionally enhance opiate
receptor phosphorylation to further enhance the decrease in u
receptor function.

Clinical implications

Regardless of the specific mechanism by which chronic opiate
exposure leads to changes in glutamate release, there are
several issues related to the withdrawal-evoked spinal
glutamate release that should be considered. First, periodic
dosing leads to enhanced spinal glutamate release. Whether
this alone enhances the rate of tolerance development is not
certain, but such periodic withdrawal leads to augmented
glutamate release, which in turn results in a sensitization of
spinal nociceptive processing. Such hyperalgesia is routinely
observed in preclinical models, wherein bolus IT morphine
dosing is performed (Mao et al., 1994; Dunbar & Pulai,
1998). Such considerations might equally apply to the human
pain patient. This would represent an important rationale for
development of adjuvant drug approaches targeting the
NMDA receptor. Secondly, while we have investigated
morphine, NMDA receptor antagonism exerts similar effects
upon other analgesics that act spinally through G-coupled
proteins, such as the alpha 2 agonists (Dunbar & Yaksh,
1997). Thirdly, it is important to note that our experiments
employed a precipitated withdrawal as opposed to an
abstinence paradigm. In the former, there is an abrupt
withdrawal of opiate receptor occupancy, and in the latter,
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there is a progressive reduction in opiate receptor occupancy
over a time course that parallels the half-life of the drug. In
this regard, the present findings raise the issue of precipitated
withdrawal in opiate-tolerant patients. Such rapid withdrawal
under an anaesthetic regimen has been reported (Kienbaum
et al., 1998). Our work indicates that this withdrawal leads to
enhanced spinal glutamate release. Such increased release at
the spinal level may account in part for the florid
physiological (cardiovascular and motor reflex) signs ob-
served with precipitated withdrawal in humans and animals.
Of particular importance, we would suggest that the
significant release of glutamate generated by such precipitated
withdrawal may have long term deleterious consequences
(Nakamura et al., 1994; Hirata et al., 1997). The safety factor
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