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WELCH, S. P. AND P. P. BASS. Modulation of free intracellular calcium levels [(Ca’+)ij in brain ond spin01 cord of 
morphine-tolerant rats and mice. PHARMACOL BIOCHEM BEHAV 51(l) 57-63, @X.-Evaluation of the effects of 
tolerance to morphine in vivo on free intracellular calcium levels [(Ca’+)i] in whole brain synaptosomes from rats and 
synaptosomes from brain regions and spinal cords of both rats and mice indicated that in whole brain and spinal cord 
synaptosomes, [Ca’+]i levels are significantly higher in morphine-tolerant mice. Although levels do not differ between 
nontolerant and tolerant preparations from the rat spinal cord, [Ca”]i brain levels are significantly higher in morphine- 
tolerant rats. Evaluation of three brain regions from both nontolerant and tolerant rats and two brain regions from mice 
indicated no significant differences in basal [Ca”]i, with the exception that lower basal levels of calcium were observed in 
the midbrain of the tolerant rat. In vivo, mice tolerant to morphine (SC) were cross tolerant to DAMGO (IT and ICV). Cross 
tolerance between morphine and DAMGO was observed in vitro. No cross-tolerance was observed between morphine (SC) 
and the &agonist, DPDPE (IT or ICY), or the rr-agonist, US0,488H (USO, IT or ICV) in vivo. Similarly, no cross tolerance 
was observed between morphine (SC) and DPDPE or US0 in vitro. These data indicate that tolerance in vivo induced a change 
in synaptosomal calcium modulation such that tolerance could be observed in vitro. Thus, a membrane component may be 
altered by the development of tolerance to morphine leading to an alteration in [Ca’+]i in both the brain and spinal cord. 
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ABUNDANT evidence indicates that a close relationship ex- 
ists between opiate analgesia and Ca++ levels within the CNS. 
Using measures of free intracellular calcium ([Ca’ ‘Ii), acutely 
administered morphine in vitro blocks calcium entry to synap- 
tosomes (40,59&O). Similarly, other investigators have dem- 
onstrated that acute opioid exposure leads to reductions in 
45ca+ + uptake (6,23,48,47). The blockade of calcium entry 
into neurons in response to acutely administered opiates has 
been proposed to lead to alterations in neurotransmission by: 
a) inhibiting or enhancing the activity of ATPase-modulated 
ion transport (13,28,30,49); b) inhibiting Ca++-dependent 
protein kinases, which can alter phosphorylation of many cell 
proteins including calcium channel proteins (9,10); c) decreas- 
ing the firing of neurons (64); and d) decreasing the Ca++ 
available for the release of neurotransmitters (25). Increasing 
cytosolic Ca+ + blocks acute opioid analgesia [for review, see 

(7,24)]. Acutely administered morphine also inhibits adenylyl 
cyclase activity in many brain regions via activation of pertus- 
sis toxin-sensitive inhibitory Gi/, proteins [for review, see 
(1 l)]. Decreases in neuronal CAMP reduce the activation of 
CAMP-dependent protein kinase, and subsequently reduce 
phosphorylation of important modulatory proteins (15,36), 
among which are calcium channel proteins, which leads to a 
decrease in calcium entry. Decreased calcium entry to neurons 
due to the interaction of p- and &opiate receptor-selective 
ligands with their respective receptors and the subsequently 
increased potassium effl~ and hyperpolarization of neurons 
has been reported (1,37,38,54,62,63). Recently, K-OpiOidS have 

also been shown to produce hyperpolarization via potassium 
effhix (19). 

The development of tolerance to opiates has been postu- 
lated to occur when certain neuronal, physiologic, and cellular 
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processes are activated as the body attempts to compensate 
for the chronic presence of drug. Numerous compensatory 
mechanisms have been demonstrated to accompany the devel- 
opment of tolerance and addiction, among which are in- 
creased [Ca++]i (accompanied by decreases in potassium ef- 
flux), increased adenylate cyclase activation, changes in 
G-protein composition, induction of early response genes, and 
alterations in the activation of endogenous modulators and 
“anti-opioid” peptides. Most of these adaptations of the neu- 
ron involve mechanisms that lead to modulation of intracellu- 
lar calcium possible via the alteration of G-proteins [for a 
review of mechanisms of tolerance associated with the nucleus 
accumbens, see (35)]. Thus, opioid tolerance appears to in- 
volve an alteration in the mechanisms that regulate cellular 
Ca++ homeostasis. Increased [Ca++]i levels, which have been 
shown in synaptosomes from mouse brain, have been hypoth- 
esized to represent a homeostatic change that counters the 
acute effects of morphine on [Ca++]i (59). The present study 
was designed to evaluate the effects of tolerance to morphine 
in vivo on [Ca++]i in whole brain synaptosomes from another 
species- the rat -and synaptosomes from brain regions in 
both the rat and the mouse. In addition, we evaluated differ- 
ences in [Cat ‘Ii between synaptosomes from spinal cords of 
morphine-tolerant rats and mice. We have previously demon- 
strated that a change in calcium homeostasis occurs in whole 
mouse brain in response to chronic morphine, and that such a 
change is stable enough to be detected as an increase in 
[Ca’+]i in synaptosomes (59). We tested the hypothesis that 
tolerance to morphine in vivo would result in specific neuronal 
alterations resulting in cross tolerance in vitro to p-opioids, 
but not 6- or K-Opioids. 

MATERIALS AND METHODS 

Synaptosomal Preparation 

Synaptosomes were prepared from mouse or rat brain us- 
ing subcellular fractionation techniques described by McGov- 
ern et al. (34). Male Swiss-Webster mice (25-30 g, Harlan 
Laboratories, Frederick, MD) or male Sprague-Dawley rats 
(200-250 g, Harlan Laboratories) were decapitated, and either 
the whole brain or the spinal cord was removed. For the study 
of brain regions the brain was dissected and the medulla, mid- 
brain, and corpus striatum were removed. Tissue was homoge- 
nized in 0.32 M sucrose in Kreb’s buffer (pH 7.4-7.5) on ice (1 
g tissue/20 ml sucrose). The Kreb’s buffer was composed of 
(mM): NaCl, 120; KCI, 5; NaH,PO,, 1.2; MgCl,, 1.2; CaCl,, 
1; glucose, 10, NaHCO,, 20, and was brought to pH 7.5 with 
1 N HCl. The homogenate was centrifuged at 1000 x g for 10 
min. The supematant was removed and centrifuged at 18,000 
x g for 20 min. The P2 pellet, containing synaptosomes in a 
crude mitochondrial pellet, was used to obtain adequate pro- 
tein for the assays involving the spinal cord. For studies of the 
whole brain and brain regions the resultant pellet (P2 fraction) 
was resuspended in 16% Ficoll (16% wt./vol. Type 400 dia- 
Iyzed Ficoll; Sigma), which had been prepared in 0.32 M su- 
crose. A 7.5% Ficoll suspension was layered by hand over the 
16% Ficoll/pellet suspension to form a discontinous gradient. 
The discontinous gradient formed was centrifuged for 1 h at 
40,008 x g. The synaptosomes banded at the 16%/7.5% Fi- 
co11 interface were removed by aspiration and washed with a 
1 : 1 sucrose (0.32 M)/Kreb’s buffer solution. The synapto- 
somes were centrifuged for 5 min at 18,008 x g and washed 
again in 1 : 2 sucrose/Kreb’s buffer solution, and again centri- 
fuged for 5 min at 18,000 x g. The synaptosomes (pellet) 
were resuspended in Kreb’s buffer for the measurement of 

intracellular Ca+ + . The protein concentration was 1 mg/ml, 
as determined by the Lowry method (31). The Ficoll and buff- 
ers were prepared fresh before each assay and kept on ice. 
Synaptosomes were kept on ice until they were used. 

Measurement of /Ca’+Ji 

Synaptosomes were loaded with 5 PM fura2/AM (Molecu- 
lar Probes, Inc.) dissolved in dimethyl sulfoxide (DMSO). The 
final concentration of DMSO in the tube was 1%. Synapto- 
somes were incubated for 45 min at 35°C in a shaking water 
bath. At the end of the 45 min incubation, the synaptosomal 
suspension was washed three times in Kreb’s buffer and centri- 
fuged following each wash at 18,000 x g for 20 min. The 
SPEX Cation Measurement System (Model CM-31System; 
SPEX Industries, Inc., Edison, NJ) was used to measure the 
free calcium within the synaptosomes. The fura- ester is hy- 
drolyzed within the cell or synaptosome and the free fura- 
then binds Cat + . Bound fura- is excited by light at 340 nm. 
The ratio of excitation intensities of fura- at both intensities 
(340/380) is used to calculate intracellular Ca++ concentra- 
tions (20). To correct for free fura-2, or that associated with 
extracellular structures, the fura- signal in the presence of a 
lOO-fold excess of EGTA (prepared in 3 M Tris, pH 8.3) was 
determined to give a background value of relative fluorescence 
(or F,,). The maximal fluorescence (F,d was determined 
when fura- was maximally bound to Ca++ following lysis of 
the synaptosomes with 0.1% Triton X-100 and addition of 
a saturating concentration of Ca++. The F,, and F,, were 
determined for each synaptosomal preparation according to 
the method of Komulainen and Bondy (29). In addition, a 
separate PZ crude synaptosomal preparation was incubated 
with 1% DMSO for 45 min before the preparation of pure 
synaptosomes using the Ficoll gradient. These synaptosomes 
that were not fura-t loaded were used for the quantification 
of autofluorescence. The autofluorescence of all drugs was 
also examined in these unloaded synaptosomes. Correction of 
the signals at 340 and 380 nm for autofluorescence preceded 
determination of the 340/380 ratio. From the ratio the free 
calcium concentration was determined using the method of 
Grynkiewicz and Iverson (20) using 224 nm at the Kd for 
fura- and the following equation where F = the fluorescence 
of the sample, and Sn and S,,, denote the fluorescence at 380 
nm in calcium-free and saturating calcium conditions, respec- 
tively: 

[Ca”], = & X ii - rdg X $ 
max b2 

Each experiment was run in duplicate and repeated using three 
to six separate sets of synaptosomes. 

Synaptosomes were incubated at 37 OC for 2 min in a quartz 
cuvette, with constant stirring, in the sample chamber of the 
Spex microfluorometer to allow equilibration to the tempera- 
ture before monitoring basal levels of [Cat ‘Ii. Drugs or vehi- 
cle (20 ~1 addition) were incubated with the synaptosomes for 
3 min before KCI-induced stimulation of [Ca++]i by addition 
of 20 ~1 KC1 such that the final concentration in the cuvette 
was 50 mM. 

Tolerance Induction 

Mice were implanted subcutaneously (SC) under the loose 
skin of the back with either a 75-mg morphine pellet or pla- 
cebo pellet according to the method of Way et al. (57). Mice 
have been shown to be rendered tolerant to morphine in 72 h 
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TABLE 1 
[Ca”]i IN NONTOLERANT AND TOLERANT MOUSE AND 

RAT SYNAPTOSOMES 

Whole Brain 

Baseline 
[Ca’ +]i (nM) 

% KCI-Induced 
Increase in [Ca’ +]i 

Non-Tolerant mice 
Tolerant mice 
Non-Tolerant rats 
Tolerant rats 

Spinal Cord 

328 f 20 (a) 
468 f 22* (a) 
514 f 44 
715 f 33** 

70 f 5 (a) 
62 f 9 (a) 
56 f 11 
49 f 10 

Non-Tolerant mice 613 f 41 12* 2 
Tolerant mice 880 f 69; 14f 5 
Non-Tolerant rats 275 f 15 17f 2 
Tolerant rats 195 f 16 17f 3 

Basal [Ca’ ‘Ii, KC1 (50 mM)-stimulated [Ca’ ‘Ii were determined 
in each preparation. The mean [Ca’+]i the standard error of the mean 
was determined using duplicate samples from 5 separate preparations 
of synaptosomes (mice) and 3 separate preparations (rat) and com- 
pared statistically via the Dunnett’s f-test. l p < 0.05 from group la- 
belled “Non-Tolerant mice”; +*p < 0.05 from group labelled “Non- 
Tolerant rats”; (a) = data taken from Welch and Olson (58) and 
presented for purposes of comparison. 

using this method. Rats were rendered tolerant by the implan- 
tation SC of an ALZET minipump (60 mg/kg per day deliv- 
ery). The mice and rats were tested for tolerance to a IO-mg/ 
kg challenge injection of morphine (SC) using the tail-flick 
test. Some mice were assessed for cross tolerance to morphine 
3 pg/mouse, intrathecally (IT). Mice were rendered tolerant 
to morphine after a 3-day (72 h) exposure to the morphine 
pellets. Rats were rendered tolerant after a 7-day exposure to 
the ALZET pumps. Tolerance was assessed as the lack of 
antinociceptive effect following the morphine challenge 
(%MPE < 10%) in the morphine-tolerant mice or rats, 
whereas morphine produced > 80% MPE in the placebo mice 
or rats. Morphine-tolerant and nontolerant mice were tested 
for cross tolerance to the K-agonist, U50,488H [50 pg/mouse, 
administered IT or intracerebroventricularly (ICV)], the 6- 
agonist DPDPE [@Pen*“)-enkephalin, 3 pg/mouse, IT or 
ICV] or the p-agonist DAMGO [(D-Ala*-,N-Me-Phe’,Gly- 01’) 
enkephalin, 1 pg/mouse, IT, or 0.5 pg/mouse, XV]. The 
doses of the drugs to be tested represent those that produced 
at least 80% maximum possible effect (%MPE) in naive mice 
in our laboratory on the day of testing (which corresponds to 
previously published studies from our laboratory (32,58,61). 
The exception is US0,488H, which was only a partial agonist 
when administered ICV. The morphine pellets and the AL- 
ZET pumps remained in place at sacrifice of the animals for 
the preparation of synaptosomes. 

IT and ZCV Injections 

Intrathecal injections were performed following the proto- 
col of Hylden and Wilcox (26). Unanesthetized mice were 
injected between the LS or L6 area of the spinal cord with a 
30-ga, 0.5inch needle. ICV injections were performed using 
the method of Pedigo et al. (43). Injection volumes of 5 ~1 
were administered. 

Tail-Flick Test 

The tail-flick procedure used was that of Harris and Pier- 
son (22). Control reaction times of 2-4 s and a cutoff time of 

10 s were employed. Antinociception was quantified as the 
%MPE as developed by Harris and Pierson (22) using the 
following formula: %MPE = 100 x (test - control)/(lO - 
control). Percent MPE was calculated for each mouse using at 
least six mice per dose. Using the %MPE for each mouse, 
the mean effect and standard error of the mean (SEM) were 
calculated for each dose. Morphine (SC) was injected 20 min 
before testing; all other drugs were administered 10 min before 
testing. The time points for testing represent the time of peak 
antinociception produced by the drugs as previously deter- 
mined in our laboratory in numerous studies (32,58,61). 

RESULTS 

The results presented in Table 1 indicate that in whole brain 
and spinal cord synaptosomes, [Ca’+]i levels were signifi- 
cantly higher in morphine-tolerant mice, whereas levels did 
not differ significantly between nontolerant and tolerant prep- 
arations from the rat spinal cord. In addition, although basal 
whole brain levels of [Ca’+]i were higher in rats, the percent 
rise in [Ca’+]i in response to KC1 in brain did not differ 
between rats and mice. A direct quantitative comparison of 
the percent rise is not possible because the mice and the rats 
were not tested at the same time. However, we observed that 
the percent rise in [Ca’+]i in response to KC1 did not differ 
significantly across experiments. The KCl-induced rise in 
[Ca’+]i in the spinal cord was significantly lower than that 
observed in the brains of either mice or rats. We also evaluated 
changes in [Ca’+]i induced by shorter exposure to morphine 
in mice. Acute administration of 10 mg/kg morphine or vehi- 
cle 20 min before sacrifice of the mice resulted in no signifi- 
cant differences in whole brain synaptosomal levels of [Ca’ +]i 
in vitro between vehicle- and morphine-treated groups (358 f 
35 vs. 390 f 20 nM [Ca’+]i for n = 3 separate preparations, 

TABLE 2 

[Ca”]I IN NONTOLERANT AND TOLERANT MOUSE AND 
RAT SYNAPTOSOMES FROM BRAIN REGIONS 

% KCI-Induced 
Easal [Ca’ ‘Ii (t&I) Increase in [Ca’ ‘Ii 

Midbrain 
Non-Tolerant mice 
Tolerant mice 
Non-Tolerant rats 
Tolerant rats 

Corpus Striatum 
Non-Tolerant mice 
Tolerant mice 
Non-Tolerant rats 
Tolerant rats 

Medulla 
Non-Tolerant mice 
Tolerant mice 
Non-Tolerant rats 
Tolerant rats 

163 f 26 
184 f 18 
716 f 84 
590 f 26** 

NT 

NT 

539 f 57 
476 f 32 

284 f 26 
221 f 41 
486 zt 38 
490 f 18 

31zt 6 
23~~ 5 
40 f 17 
62rt 5 

34* 1 
79 f 30** 

24* 3 
43 f 19 
44 f 10 
39 f 15 

Basal [Ca++]i, KC1 (50 mM)-stimulated [Ca”]i were de- 
termined in each preparation. The mean [Ca”]i the standard 
error of the mean was determined using duplicate samples from 
5 separate preparations of synaptosomes (mice) and 3 separate 
preparations (rat) and compared statisticahy via the Dtmnett’s 
t-test. l *p < 0.05 from group labelled “‘Non-Tolerant rats”; 
NT = not tested. 
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I tolerant 

ES4 non-tolerant 

Concentration of drugs (PM) 

FIG. 1. Cross tolerance of DAMGO in vitro to in-vivo morphine. 
Synaptosomes were prepared and loaded with fura-Z/AM as described 
in Methods from morphine-tolerant or nontolerant mouse whole 
brain. Synaptosomes were incubated for 3 min with either distilled 
water vehicle, morphine (1 PM), DAMGO (1 PM), DPDPE (10 PM), 
or US0,488H (USO; 10 PM) before stimulation with 50 mM KCl. The 
average percent change (increase) in [Ca”]i over basal [Ca’+]i was 
calculated for three to five separate preparations of synaptosomes. 
*p < 0.05 from nontolerant synaptosomes; **p < 0.01 from nontol- 
erant synaptosomes. 

respectively). Because such studies yielded negative data, the 
studies were not repeated in the rat. 

Evaluation of three brain regions from both nontolerant 
and tolerant rats and two brain regions from mice indicated 
no significant differences in basal [Ca’+]i (Table 2) with the 
exception that lower basal levels of calcium were observed in 
the midbrain of the tolerant rat. In addition, a significantly 
higher KCI-induced increase in calcium was observed in the 
striatum from morphine-tolerant rats [79Qo increase vs. 34% 
control increase in (Ca”)i]. The levels of basal calcium were 
higher in the mouse spinal cord than in the mouse brain. We 
found that the preparation of pure synaptosomes from the 
mouse spinal cord required large numbers of mice to obtain 
adequate tissue. We therefore modified our procedure such 
that a crude synaptosomal preparation (P2 pellet) was substi- 
tuted for use with mouse spinal cords, which may account for 
the higher basal calcium levels. We were unable to evaluate 
the corpus striatum in the mouse because of the highly vari- 
able rise in [Ca’+]i in response to KC1 in the tissue. Synapto- 
somes from the corpus striatum also exhibited highly variable 
basal levels of [Ca’+]i and were determined to have > 25% 
leakage of the dye. We believe the variability was due to a 
lack of tissue leading to poor loading of fura-Z/AM, poor 
hydrolysis of the dye, and dye leakage. The assay required at 
least 1 mg/ml protein per sample. An inordinately large num- 
ber of mice would have to have been sacrificed to obtain 
adequate tissue. Thus, our attempt to use less tissue resulted 
in the variability described earlier. 

Because tolerance to morphine appeared to be accompa- 
nied by an increase in basal levels of [Ca”]i in the brain, 
we examined the specificity of this effect for morphine by 
performing cross-tolerance experiments in vitro. The results 
of those experiments are shown in Fig. 1. Morphine signifi- 

cantly blocked KCI-induced rises in the synaptosomes from 
the nontolerant mice, but failed to block KCl-induced rises in 
the synaptosomes from morphine-tolerant mice. In vivo, mice 
tolerant to morphine (SC) were cross-tolerant to DAMGO 
(IT and ICV) (Fig. 3). Cross-tolerance between morphine and 
DAMGO was observed in vitro. That is, like morphine, 
DAMGO blocked KCI-induced rises in [Ca”]i in the nontol- 
erant preparation, but not in the tolerant preparation. No 
cross tolerance was observed between morphine (SC) and the 
b-agonist DPDPE (IT or ICV), or the K-agOniSt U50,488H 
(USO, IT or ICV) in vivo (Table 3). Similarly, no cross toler- 
ance was observed between morphine (SC) and DPDPE or 
U50 in vitro. 

DISCUSSION 

These data indicate that tolerance in vivo induced a change 
in synaptosomal calcium modulation such that tolerance could 
be observed in vitro. In addition, the change in the synapto- 
somes induced by morphine tolerance in vivo is specific for 
p-agonists. Our data indicate that a membrane component 
may be altered by the development of tolerance to morphine, 
leading to an alteration in [Ca’+]i not only in the brain as we 
had previously reported (59), but also in the spinal cord. Sev- 
eral possibilities exist as to the membrane component altered 
in the development of tolerance leading to a higher set point 
for intracellular calcium levels. Chronic exposure to opioids 
results in neuronal tolerance to the acute inhibitory effects of 
opiates on adenylyl cyclase in affected regions (36,52). Most 
regions show no alteration in response to chronic morphine 

TABLE 3 

EVALUATION OF CROSS-TOLERANCE TO MORPHINE 
IN VIVO IN MICE 

Dw 

% MPE % MPE 
Placebo mice Morphine-tolerant mice 

Morphine 
10 mg/kg, SC 

Morphine 
3 fig/mouse, Lt. 

DAMGO 
1 Fg/mouse, i.t. 
0.5 pg/mouse, icv. 

DPDPE 
3 pg/mouse, Lt. 
3 pg/mouse, icv. 

U50,488H 
50 pg/mouse, Lt. 
50 pg/mouse, icv. 

% f 2 (n = 30) 5 f 3 (n = 30)** 

85 f 9(n = 24) 15 f 5 (n = 24)** 

88 f 8 (n = 12) 10 f 5 (n = 12)** 
78 f 6(n = 6) 2 f 5(n = 6) 

95 f 2(x = 12) 85 f- 7 (n = 12) 
81 f 9(x = 6) 74 f 5 (n = 6) 

78 f 5 (n = 12) 70 f 3 (n = 12) 
48 f 9 (n = 6) 55 f 5 (n = 6) 

Mice were rendered tolerant to morphine after a 3 day (72 
hour) exposure to the morphine pellets. Separate groups of mice 
were also implanted with placebo pellets. Tolerance was assessed 
using the tail-flick test for antinociception. Morphine-tolerant and 
nontolerant (placebo-pelleted) mice were tested for cross-tolerance 
to the kappa agonist, U50,488H, the delta agonist, DPDPE, or the 
mu agonist, DAhKIO (all administered i.t. and icv.). The doses of 
the drugs represent doses which produced at least 80% maximum 
possible effect (Vo MPE) in naive mice in our laboratory on the 
day of testing with the exceution of U50.488H which was a uartial 
agonist when administered icv. The average % MPE f Standard 
error of the mean and the number (n) of mice per group tested are 
listed. 

l *p < 0.01 from the respective “placebo” group. 
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except the locus coeruleus, nucleus accumbens, amygdala, and 
dorsal root ganglia (52). In sensitive regions, tolerance affects 
levels of G, and G, (36), adenylyl cyclase activity (52), and 
the activity of CAMP-dependent protein kinase (52). which 
in turn phosphorylates (and activates) calcium channels, IP, 
receptors, and potassium channels, among other important 
cell proteins (55). Other compensatory mechanisms include an 
impairment of opioid receptors to stimulate Gi/, proteins (56), 
an alteration in stimulation of GTPase activity (2), and an 
increase in “L-type” calcium channel number (39,44,45,50). 
In addition, the chronic administration of morphine has been 
shown to increase the number of “N-type” calcium channels 
in mouse brain (50). Thus, increased calcium channel bind- 
ing has been documented to accompany opioid tolerance. 
Whether cc-, 6-, and &opioids produce similar or dissimilar 
effects on calcium channel number or function has not been 
clarified. Based on recent work measuring mRNAs for various 
ion channels in response to chronic morphine and the &opioid 
DADL, in cells in culture, dissimilarities may exist in the alter- 
ations of ion channels by opioid receptor subtypes (33). Such 
dissimilarities in channels could explain the lack of cross toler- 
ance we observed between p- and 6- or d-opioid in vitro. 

The effects of the chronic administration of cc-, &, and 
K-opioids on potassium channel number or function have not 
been extensively studied. Mackler and Eberwine (33) showed 
that the mRNA for certain potassium channels is decreased by 
morphine, but not by DADL. Chronic morphine has been 
shown to decrease potassium efflux in rats (8). We have shown 
that there is no cross tolerance of morphine to potassium 
channel openers. However, the potassium channel blockers 
apamin and glyburide precipitate a withdrawal syndrome in 
morphine-tolerant mice (58). Thus, interactions between opi- 
ates and potassium channels are anatomically and functionally 
possible in the regulation of tolerance. A likely candidate for 
the point of interaction of these two classes of drugs lies in 
the modulation of intracellular calcium, as potassium channel 
blockers increase intracellular calcium (14,16,17,21,42&j). 
Thus, the differences on basal levels of [Ca”]i could be due 
to a down-regulation of potassium channels in the synapto- 
somal membrane and a resultant decrease in potassium efflux. 

We also hypothesize that higher basal [Ca”]i levels ob- 
served with chronic morphine exposure may be due, in part, to 
an alteration in microsomal calcium sequestration and release. 
The role of opiate tolerance on microsomal activity has not 

been determined. Opioid withdrawal has been shown to be 
accompanied by increased formation of IP, in brain (18). Mi- 
crosomal pools (along with mitochondrial pools) play a major 
role in sequestering Ca+ + following nerve activity. Activation 
of phospholipase C from cell surface receptor stimulation 
leads to the breakdown of cell membrane phosphatidylinositol 
4,5-bisphosphate, and the production of inositol 1,4,5- 
trisphosphate (IP,). The IP,-sensitive pool accounts for a large 
portion of the total intracellular stores of Ca++ [for reviews, 
see (3,5)]. The theory of capacitative Ca++ entry involves the 
interaction between cell surface inositol tetrakisphosphate 
(IPJ receptors and refilling of IP,-sensitive microsomal pools 
during stimulation (27.51). Neurons also possess Ca++/caf- 
feine-sensitive pools, which are stimulated by caffeine and 
blocked by ryanodine (4,12,41,53). Increases in the membrane 
receptors for IPg or ryanodine on the endoplasmic reticulum 
(ER) could lead to an increased release of calcium from the 
ER and contribute to the higher basal [Ca”]i in the synapto- 
somes. Because synaptosomes are largely devoid of ER, such 
an explanation for higher basal [Ca’+]i seems unlikely. How- 
ever, increased numbers of plasma membrane-associated IP, 
receptors could lead to increased calcium entry. In addition, 
another possibility for an increase in [Ca’+]i could be that 
sodium-calcium exchange has been altered by the chronic ad- 
ministration of opioids. 

Thus, chronic exposure to morphine induces a p-opioid- 
selective change in synaptosomes from both brain and spinal 
cord, resulting in increased levels of [Ca’+]i, which is hypoth- 
esized to counter the acute effects of morphine on [Ca’+]i 
and result in both the production of tolerance and a lack of 
cross tolerance between classes of opioid receptors. Several 
membrane-associated points for modulation of calcium exist, 
although the exact nature of the morphine-induced change 
remains to be determined. The data indicate that changes in 
[Ca’+]i in the medulla, corpus striatum, and midbrain do not 
account for the overall increases in [Ca’+]i. Thus, it is likely 
that one or more discrete areas of the brain are altered by 
tolerance to morphine and account for the changes in [Ca’+]i 
observed. 
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