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Abstract

Multiple cellular adaptations are elicited by chronic exposure to opioids. These include diminu-
tion of spare opioid receptors, decreased opioid receptor density, and G-protein content and cou-
pling thereof. All imply that opioid tolerance is a manifestation of a loss of opioid function, i.e.,
desensitization. Recent observations challenge the exclusiveness of this formulation and indicate
that opioid tolerance also results from qualitative changes in opioid signaling. In this article, Gint-
zler and Chakrabarti discuss the evidence that suggests that opioid tolerance results not only
from impaired opioid receptor functionality, but also from altered consequences of coupling.
Underlying the latter are fundamental changes in the nature of effectors that are coupled to the
opioid receptor/G-protein signaling pathway. These molecular changes include the upregulation
of adenylyl cyclase isoforms of the type II family as well as a substantial increase in their phos-
phorylation state. As a result, there is a shift in opioid receptor/G-protein signaling from pre-
dominantly Giq inhibitory to Gpy stimulatory following chronic in vivo morphine exposure. These
adaptations to chronic morphine indicate the plasticity of opioid-signal transduction mechanisms
and the ability of chronic morphine to augment new signaling strategies.

Index Entries: Opioid; tolerance; adenylyl cyclase; phosphorylation; plasticity; isoforms.

Introduction

A major complicating factor in the medicinal
use of narcotics is their diminished pharmaco-
logical effectiveness following persistent
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administration. As a result of tolerance forma-
tion, it is not uncommon for the antinocicep-
tive effectiveness of opioids to be reduced by
an order of magnitude or more. Thus, respon-
siveness to opioids includes initial perturba-
tions that are followed by the re-establishment
of “normal” physiological equilibrium despite
its continued presence. The neurochemical per-
turbations that underlie opioid tolerance (e.g.,
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alterations in receptors, G proteins, and signal-
ing enzymes) represent potential targets for
pharmacotherapies that could be used in com-
bination with narcotics for the treatment of
chronic pain.

One predominant focus of research in the
opioid field has been the elucidation of the cel-
lular events that underlie this re-establishment
of homeostasis following chronic morphine.
On a phenomenological level, tolerance to opi-
oids is probably better characterized than any
other manifestation of attenuated drug respon-
siveness. Nevertheless, despite the delineation
of many of the physiological, biochemical, and
molecular biological sequela of persistent
exposure to opioids, elucidation of the cellular
events that are causally associated with the re-
establishment of homeostasis following
chronic morphine remains incomplete. Opioid
tolerance is always defined relative to a spe-
cific opioid action such as analgesia, sedation,
and respiratory depression, which often mani-
fest differential tolerance development. This
could suggest that different opioid functions
are mediated via different signaling strategies
that activate different tolerance-forming mech-
anisms. Thus, the generality of any model of
opioid tolerance should be inferred with
appropriate caution.

Acute Opioid Signaling
Inhibitory

In animals not previously exposed to opi-
oids (naive condition), acute neuronal respon-
siveness to opioids is predominantly inhibitory
(Duggan and North, 1984; North, 1989; Keren
etal., 1997). Activation of all the major types of
opioid receptor (M, O, K) inhibits transmitter
release and slows cell firing. These inhibitory
effects are attributed to the ability of opioids to
hyperpolarize nerve cells via either an increase
in specific membrane K* conductances (North,
1989; Ikeda et al.,, 1995) or the inhibition of
voltage-gated Ca?* channels) (Gross and Mac-
donald, 1987; Tallent et al., 1994). Because
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transmitter release is dependent on intracellu-
lar calcium concentrations, which are
enhanced by depolarization and decreased by
hyperpolarization, these opioid actions are
believed to underlie the opioid inhibition of
excitatory neurotransmission (e.g., via sub-
stance P and glutamate) and thereby produce
their well-known antinociceptive effects [see
Leslie (1987) for review].

Stimulatory

In addition to the well-documented
inhibitory actions of opioids, these substances
also stimulate neuronal transmission. Such
action includes an increase in the rate of neu-
ronal firing (Lin and Carpenter, 1994),
enhancement of Ca?**-dependent responses in
visceral primary afferent neurons (Higashi et
al., 1982), presynaptic facilitation in sympa-
thetic ganglion (Hirai and Katayama, 1988),
calcium channel activation (Lorentz et al,
1988), as well as action potential prolongation
(Shen and Crain, 1989). As would be expected
based on these electrophysiological findings,
opioids have also been shown to enhance the
evoked in vivo release of several neurotrans-
mitters. These include dopamine (Devine et al.,
1993), acetylcholine (Beani et al., 1982; Neal et
al., 1994), substance P (Mauborgne et al., 1987),
methionine-enkephalin (Xu et al., 1989; Xu and
Gintzler, 1992) and adenosine (Sweeney et al.,
1989). Analogous effects have been demon-
strated in cells maintained in culture or synap-
tosomal preparations where opioids have been
observed to stimulate the release of substance
P, cholecystokinin, and adenosine (Bourgoin et
al., 1994; Cahill et al., 1995).

Blockade of inhibitory synaptic action does
not necessarily alter opioid stimulatory activ-
ity (Lin and Carpenter, 1994; Neal et al., 1994).
This suggests the presence of mechanisms in
addition to disinhibition that mediate opioid
enhancement of transmitter release. In most
cases, opioid bimodality exhibits concentration
dependence, i.e., usually the concentration of
opioid required for excitatory actions (nM) is
lower than that required for inhibitory effec-
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tiveness (Shen and Crain, 1989; Xu et al., 1989;
Devine et al., 1993; Bourgoin et al., 1994). How-
ever, excitatory actions produced by pM opioid
have also been reported (Bourgoin et al., 1994;
Cahill et al., 1995). To date, there is no evidence
for the existence of separate excitatory and
inhibitory opioid receptors. Instead, pharma-
cological experiments indicate that opioid exci-
tation vs inhibition occurs via the differential
coupling of opioid receptors to Gs- and Gi-like
G proteins, respectively.

Opioid Receptor-G Protein Coupling

Opioid receptors belong to the superfamily
of guanine nucleotide-binding protein (G pro-
tein) coupled receptors. Such receptors consist
of seven transmembrane-spanning domains,
an N-terminus extracellular domain, and a C-
terminus intracellular domain. G protein-cou-
pled cell surface receptors do not interact
directly with their final effector molecules but
communicate indirectly via a variety of G pro-
teins. In several cell lines, opioid receptors are
known to couple simultaneously to multiple G
proteins (Roerig et al.,, 1992; Laugwitz and
Offermanns, 1993; Prather et al., 1994,
Chakrabarti et al.,, 1995). All physiological
actions of opioids are thought to result from
their ability to activate G proteins that in turn
directly modulate channel activity and/or the
formation of second messengers such as cyclic
adenosine 5'-monophosphate (cAMP), inositol
tris phosphate (IP3), and so forth. Opioid mod-
ulation of second messenger concentration is
thought to occur via modulation of the activity
of key signaling enzymes such as adenylyl
cyclase (AC), phospholipase C, etc (Childers,
1991).

Second Messenger Modulation

A predominant consequence of opioid recep-
tor activation is the inhibition of second mes-
senger formation. Many central opioid effects
are thought to be consequences of reduced for-
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mation of cAMP [see Loh and Smith (1990) for
review]. However, there is growing evidence
for opioid receptor-coupled stimulation of sec-
ond messenger accumulation.

In guinea pig longitudinal muscle myenteric
plexus (LMMP) tissue, nanomolar and micro-
molar concentrations of p, d and K-opioids stim-
ulate and inhibit, respectively, cAMP formation
(Wang and Gintzler, 1994) in rat olfactory bulb,
stimulation of cAMP accumulation is the pre-
dominant response to p- and d-opioids (Olianas
and Onali, 1993). In this tissue, activation of opi-
oid receptors enhances basal AC activity and
potentiates its stimulation by Gs-coupled neuro-
transmitter receptors. These excitatory opioid
actions are most likely mediated by Gpy sub-
units released from Gi/G, G proteins since they
can be greatly attenuated by scavengers of Gpy
(Olianas and Onali, 1999). Analogous findings
have been reported in Xenopus oocytes or
human embryonic kidney (HEK) cells trans-
fected with k- or 8-opioid receptors, respectively
(Kaneko et al., 1994; Tsu et al., 1995). It should
be noted that opioid stimulation of cAMP levels
in HEK cells is dependent on the overexpres-
sion of AC type II (Tsu et al., 1995). In addition
to modulating AC/cAMP signal transduction
systems, opioids also transiently stimulate
intracellular calcium concentrations (Jin et al.,
1992; Eriksson et al., 1993; Jin et al., 1994; Tang et
al., 1994; Sarne et al., 1996) and phospholipase C
activity (Johnson et al., 1994; Smart et al., 1994,
1995), the latter resulting in increased concen-
trations of IP3 (Tsu et al., 1995; Smart and Lam-
bert, 1996). In several systems, stimulatory
opioid effects are mediated via a Gs-coupled
mechanism(s) (Shen and Crain, 1990; Gintzler
and Xu, 1991; Wang and Gintzler, 1997).

Opioid Tolerance

Tolerance to opioid inhibitory signaling is
thought to result from multiple cellular adap-
tations. These include the diminution of spare
opioid receptors (Chavkin and Goldstein, 1984),
altered opioid receptor density (Chakrabarti et
al., 1995), and altered G-protein content (Ammer
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and Schulz, 1993). Additionally, studies utiliz-
ing GTPYS® binding (that reflect the exchange
of GTP for GDP on the heterotrimeric G-pro-
tein and thus its activation) have demonstrated
decreased opioid receptor G-protein coupling
following chronic systemic morphine (Sim et
al.,, 1996). All of these putative mechanisms
derive from the formulation that opioid toler-
ance is a manifestation of a loss of opioid func-
tion, i.e., desensitization.

In several cell lines, abrupt removal of mor-
phine from chronic morphine-treated cells
reveals a robust upregulation of AC activity.
This is often referred to as AC superactivation
(Sharma et al., 1975, 1977; Avidor-Reiss et al.,
1995). This phenomenon has also been
observed in the locus coeruleus, where chronic
morphine administration has been associated
with an increase in basal as well as forskolin-
stimulated AC activity (Duman et al., 1988).

AC superactivation is the immediate
increase in AC activity that is manifest upon
the acute withdrawal of an opioid after chronic
opioid treatment. Its manifestation is often
interpreted to indicate the presence of
enhanced AC activity in chronic morphine-
treated cells prior to agonist withdrawal
(although this inference has never been
unequivocally demonstrated). Thus, it was
postulated that the re-establishment of “nor-
mal” levels of cyclase activity in chronic mor-
phine-treated  cells results from an
upregulation of cyclase activity that counter
balances the inhibitory influence of the contin-
ued presence of morphine. Importantly, the
marked increase in AC activity that occurs fol-
lowing the acute removal of morphine follow-
ing prolonged exposure indicates that
morphine still inhibits AC activity (Sharma et
al., 1975). This underscores that opioid recep-
tor desensitization, regardless of the underly-
ing mechanism(s), cannot be the exclusive
explanation for opioid tolerance.

Although AC superactivation may con-
tribute to the overall manifestation of opioid
tolerance, it is unlikely to be the sole mecha-
nism underlying tolerance. This is indicated by
reports that AC superactivation is not uni-
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formly observed in all brain regions. For exam-
ple, in rats, chronic in vivo administration of
morphine increased basal, G-protein, and
forskolin-stimulated adenylyl cyclase activity
in the locus coeruleus but not in the dorsal
raphe, frontal cortex, or neostriatum (Duman
et al.,, 1988). Moreover, even in the locus
coeruleus, the chronic morphine-induced
increment in basal and stimulated AC activity
(~30%) (Duman et al., 1988) is considerably
smaller than that manifest in cell lines main-
tained in culture (~75%) (Sharma et al., 1975).
Furthermore, it is now known that there exists
a multiplicity of AC isoforms, some of which
do not manifest superactivation. Indeed, those
of the type II AC family (AC II, IV, VII) mani-
fest reduced activity following chronic mor-
phine exposure and its abrupt withdrawal
(Avidor-Reiss et al., 1997).

Chronic Morphine Induction of New
Signaling Pathways

Recent observations indicate that opioid tol-
erance is not exclusively the result of quantita-
tive changes in opioid signaling. Qualitative
changes in opioid signaling also contribute to
its formation. In other words, mounting evi-
dence suggests that opioid tolerance results
not only from impaired opioid receptor cou-
pling but also from altered consequences of
coupling. Underlying the latter are fundamen-
tal changes in the nature of effectors that are
coupled to the opioid receptor-G protein-sig-
naling pathway:.

Altered, but not lost, opioid receptor-cou-
pled signaling following persistent opioid-
receptor activation was inferred from a
comparison of the effects of morphine on
transmitter release from opioid naive vs toler-
ant/dependent preparations. In the former,
morphine substantially inhibits the electrically
evoked release of methionine enkephalin.
Paradoxically, however, in tolerant/dependent
preparations, morphine is a prerequisite for
such release (Gintzler et al., 1987). In other
words, following chronic morphine, the loss of
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opioid inhibition is accompanied by the mani-
festation of a facilitative action. This suggested
a switch from opioid receptor-coupled
inhibitory to excitatory signaling.

This formulation is supported by the results
of experiments that directly assessed the effect
of chronic in vivo morphine on opioid regula-
tion of cAMP formation. The p-selective opioid
receptor agonist, sufentanil, can either increase
or decrease the electrically stimulated forma-
tion of CAMP in the myenteric plexus. The
direction of the opioid modulation of this sec-
ond messenger depends on the concentration
of opioid employed. Enhancement and inhibi-
tion of the magnitude of cAMP that is formed
in response to electrical stimulation is
observed with low (nM) and high (uUM) con-
centrations of opioid (Wang and Gintzler,
1994). As would be expected, following
chronic in vivo morphine exposure, high-dose
opioid inhibition of electrically stimulated
cAMP formation manifests tolerance. This is
evidenced by the fact that the magnitude of
electrically stimulated cAMP formation in opi-
oid naive preparations is indistinguishable
from that which occurs in chronic morphine-
treated preparations maintained in the pres-
ence of inhibitory (UM) concentration of
sufentanil (Wang and Gintzler, 1995).

This manifestation of tolerance, however,
does not result from the loss of opioid-signal-
ing capability since in chronic morphine-
treated LMMP tissue, there is not only a
(paradoxical) increase in the content of Giq
(Lang and Schulz, 1989) but in its coupling to
opioid receptors as well (Wang and Gintzler,
1997). Furthermore, in LMMP tissue that had
been treated in vivo chronically with mor-
phine and abruptly withdrawn, the electri-
cally stimulated formation of cAMP was
significantly compromised (Wang and Gint-
zler, 1995). Analogous findings were subse-
quently demonstrated in COS-7 cells
transfected with AC type II, IV, and VII (Avi-
dor-Reiss et al.,, 1997). Thus, the “normal”
response observed in tolerant/dependent
LMMP tissue, while in the presence of sufen-
tanil, must result from its ability to restore
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stimulatory responsiveness of AC. In other
words, in the LMMP tissue, chronic exposure
to morphine results in the acquisition (mani-
festation) of a qualitatively opposite response
to opioids. One adaptive consequence of this
qualitative shift in opioid responsiveness is
that the ability to stimulate cCAMP formation
would be maintained despite the compro-
mised functionality of AC (isoforms II, IV,
VII) that results from persistent opioid recep-
tor stimulation. Such adaptations could
underlie the permissive effect of morphine on
transmitter (methionine-enkephalin) release
in chronic morphine-treated tissue (Gintzler
et al., 1987).

Predominance of Facilitative Opioid
Effects Does Not Result From a
Shift from Giju to Gsq Signaling

Plasticity of G protein-coupled receptor sig-
naling following persistent agonist exposure is
not unique to the opioid receptor. For example,
sustained activation of the ;-adrenergic recep-
tor shifts signaling of this receptor from the
Gsa-protein kinase A pathway to the Gpy-(Gi-
derived) mitogen-activated protein kinase
pathway (Daaka et al., 1997). In contrast,
although chronic morphine exposure reveals
an analogous plasticity of opioid receptor-cou-
pled signaling, it dose not result from a shift in
the G protein through which opioid receptor-
coupled signaling occurs (Gi-Gs) but rather
from the altered consequences of that cou-

ling.

As has been reported for the az-adrenergic
receptor (Eason et al., 1992), in opioid naive
myenteric plexus, Gs- and Gi-like G proteins
mediate positive and negative sufentanil mod-
ulation of stimulated transmitter release and
cAMP formation, respectively (Gintzler and
Xu, 1991; Wang and Gintzler, 1997). However,
the chronic morphine-induced shift from opi-
oid inhibition to facilitation results neither
from the loss of inhibitory, Gi-mediated,
responsiveness (such as that which occurs fol-

Volume 21, 2000



26

lowing treatment with pertussis toxin), nor
from an augmentation of the opioid-facilitative
Gs pathway (Wang and Gintzler, 1997).
Instead, molecular changes that underlie the
shift from opioid receptor-coupled inhibitory
to stimulatory signaling reflect the plasticity of
opioid signal-transduction mechanisms and
the ability of chronic morphine to augment
new signaling strategies.

Plasticity of the consequences of opioid-
receptor G; coupling was initially inferred
based on two demonstrations. Although the
Gs-mediated, low-dose p-opioid facilitative
pathway is augmented in tolerant/dependent
preparations, it is not related to tolerant-asso-
ciated reversal of high-dose sufentanil inhibi-
tion to enhancement, because the former is
abolished by cholera toxin, whereas the latter
is not (Wang and Gintzler, 1997). Moreover, in
chronic morphine-treated LMMP tissue,
despite the shift from inhibitory to excitatory
opioid modulation, there appears to be a
paradoxical augmentation of p-opioid recep-
tor coupling to the inhibitory (Gi mediated)
opioid pathway. This finding is consistent
with (a) the subsequent demonstration
(Ingram, 1998) of enhanced efficacy of cou-
pling of p-opioid receptors and inhibition of
GABAergic evoked inhibitory postsynaptic
potentials in periaquiductal gray neurons fol-
lowing in vivo chronic morphine; and (b) the
seemingly contradictory observation (Lang
and Schulz, 1989) that the LMMP content of
Gaq is elevated following chronic in vivo mor-
phine exposure, despite the loss of opioid
receptor-coupled inhibitory signaling. Thus,
despite the numerous demonstrations of an
opioid stimulatory Gs-signaling pathway, it
seems unlikely that its augmentation along
with the diminution of the inhibitory (G;j)
pathway contributes to the tolerant-associ-
ated predominance of sufentanil facilitative
effects. In other words, in tolerant/dependent
tissue, the predominance of opioid excitatory
responses is, most likely, not mediated via an
alteration of the balance between facilitative
and inhibitory mechanisms that are operative
in opioid-naive tissue.
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Chronic Morphine Alters
Consequences of Opioid
Receptor Gi-AC Coupling

The earlier observations point to the chronic
morphine-induced emergence of a p-opioid
receptor-coupled facilitative pathway. This
pathway is either not expressed or not fully
manifest in opioid-naive LMMP tissue. Recent
reports indicate the relevance of opioid recep-
tor-coupled Ggy stimulatory AC signaling to
opioid tolerant/dependent mechanisms.

It is now well-established that the relative
preponderance of specific AC isoforms are crit-
ical determinants of excitatory vs inhibitory
AC responsiveness (Federman et al., 1992;
Tang and Gilman, 1991, 1992). Specifically, the
relative abundance of specific AC isoforms can
influence the directionality of opioid regula-
tion thereof (Yoshimura et al., 1996; Avidor-
Reiss et al., 1997). Moreover, chronic morphine
can influence the content of AC in an appar-
ently isoform-specific fashion.

Chronic Morphine Alters
the Relative Abundance
of AC Isoforms

Following chronic systemic morphine, mRNA
encoding AC IV (Rivera and Gintzler, 1998) and
AC VII (Wang, Chakrabarti, and Gintzler,
unpublished observations) are significantly ele-
vated in LMMP tissue. Additionally, as
expected, AC protein is also significantly aug-
mented (56%) in these preparations (Chakrabarti
etal., 1998a). Given the isoform specificity of the
monoclonal AC antibody employed in the West-
ern-blot analysis (AC II, IV, VII, and I), in combi-
nation with changes or lack thereof in
isoform-specific mRNA, this increment is, most
likely, comprised of AC isoforms IV and/or VIL
Both isoforms are stimulated by Ggy (Gao and
Gilman, 1991; Watson et al., 1994; Yoshimura et
al., 1996) (See Table 1 for summary of of chronic
morphine-induced AC isoform changes and Gpy
stimulatory responsiveness).
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Table 1
Effect of Chronic Systemic Morphine on the Content of mRNA Encoding AC Isoforms*
AC mRNA /total RNA (pg/pg + SEM)
Effect of PKC on

AC isoforms Opioid naive Chronic morphine Gpy Regulation Gsa/Gpy stimulation
ACI 0.64 +0.14 (4) 0.71+£0.13 (4) Inhibitory None
ACII 0.93 +0.16 (4) 1.0£0.1 (4) Stimulatory Facilitation
ACIV 0.49 +0.04 (4) 0.67 £ 0.04*(4) Stimulatory Inhibition
ACVII 0.52 £0.06 (4) 0.66 = .07* (4) Stimulatory Facilitation

@ The content of AC isoform-specific mnRNA in opioid naive and tolerant/dependent tissue was quantified as previ-
ously described (Rivera and Gintzler, 1998) using quantitative solution hybridization. Chronic treatment with morphine
was accomplished via the subcutaneous implantation of 5 morphine pellets for 6 d. Chronic systemic morphine
increases the myenteric content of mRNA encoding AC IV and VII. This suggests that these isoforms comprise the ~56%
increase in AC protein that has been observed in these preparations. See Sunahara et al., (1995) for review of AC isoform-

specific regulation by Gpyand PKC.
*p > 0.05.

Chronic Morphine Augments AC
Phosphorylation

Persistent activation of opioid receptors also
has profound effects on the phosphorylation
state of AC. A dramatic increase in phosphory-
lation of the type II family of AC was observed
in LMMP preparations obtained from chronic
morphine-treated guinea pigs (Chakrabarti et
al.,, 1998b). Moreover, the magnitude of the
chronic morphine-induced augmented AC
phosphorylation is substantially attenuated by
chelerythrine, a protein kinase C (PKC)-selec-
tive inhibitor, pretreatment with which also
blocks the chronic morphine-induced reversal
of opioid receptor-coupled inhibition to stimu-
lation and reinstates the former (Wang et al.,
1996). This underscores the potential relevance
of increased (PKC-mediated) phosphorylation
of AC to opioid tolerant/dependent mecha-
nisms. This would be consistent with the abil-
ity of chronic systemic morphine to increase
the content of the a and [ isoforms of PKC in
guinea pig LMMP tissue (Wang et al., 1996) as
well as the membrane-bound (translocated)
content of the y isoform of PKC in rat spinal
cord (Mao et al., 1995; Mayer et al., 1995).

Augmented phosphorylation of certain AC
isoforms has substantial functional implica-
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tions. For example, phosphorylated AC II and
VII manifest increased stimulatory responsive-
ness to Gsa (Jacobowitz and Iyengar, 1994; Wat-
son et al., 1994; Zimmerman and Taussig,
1996). Moreover, Gsa-independent Gpy stimula-
tion of AC II is augmented following its phos-
phorylation (Isu and Wong, 1996, Zimmerman
and Taussig, 1996).

Functional Consequences of AC
Isoform-Specific Synthesis
and Phosphorylation

Upregulation of AC isoforms IV and VII
would have physiologic consequences com-
plimentary to those produced by augmented
phosphorylation of AC II and VII. Both, in
combination, would be expected to result in a
shift in receptor/G protein signaling from
predominantly Giq inhibitory to Ggy stimula-
tory. Indeed, it has recently been demon-
strated that (activated) recombinant Gsq dose
dependently stimulates AC activity in LMMP
membranes obtained from opioid-naive as
well as tolerant LMMP tissue. However, the
magnitude of effect in the latter is signifi-
cantly greater than that observed in the for-
mer (Chakrabarti et al., 1998a). Moreover,
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Table 2
Stimulatory Responsiveness of Membranes Obtained from Opioid Naive and
Tolerant/Dependent Myenteric Plexus Tissue to Recombinant Gsq and its Alteration
Following Ggy Innactivation®

Stimulation of AC activity

Modulatory agents Opioid naive Morphine tolerance
rGsab +++ et

rGsa + QEHA + +

rGsa + SKEE +++ +++++
QEHA NS NS

SKEE NS NS

@ Chronic treatment with morphine was accomplished as described for Table 1. Gpy innactivation
was accomplished by pretreatment with the Gpy blocking peptide QEHA (20 uM). This peptide has
the sequence corresponding to residues 956-982 of AC II (Chen et al., 1995). SKEE is the inactive
peptide whose sequence corresponds to the same residues of AC III, an AC isoform not stimulated
by Gpy AC activity was determined by measuring the synthesis of [3P]JcAMP from [a-32P]ATP
(Chakrabarti et al., 1998a).

b rGsq is recombinant Gsq activated using GTP,S. NS, no significant change (p < 0.5) in AC activ-
ity. The magnitude by which rGsq stimulates AC activity is much greater (+++++) in chronic mor-
phine-treated myenteric membranes than in opioid-naive preparations (+++). QEHA reduced the
stimulatory activity in both (+) and eliminated the differential stimulatory responsiveness. This
indicates that augmented AC stimulation by rGsq following chronic morphine results from increased

Gsa-dependent Gpy AC stimulation.

sub-optimum concentrations of the Gpy
blocking peptide QEHA (Chen et al., 1995)
abolishes the incremental AC stimulation by
recombinant Gsq in tolerant LMMP mem-
branes, indicating augmented Gpgy stimula-
tory AC responsiveness in these preparations
(see Table 2 and Fig. 1). These biochemical
changes could wunderlie the previously
demonstrated shift from high-dose opioid
inhibition to stimulation of AC activity
(Wang and Gintzler, 1995, 1997) and transmit-
ter release (Gintzler et al.,, 1987). Chronic
morphine-induced (PKC-mediated) phos-
phorylation of AC II and/or AC VII and the
attendant increased stimulatory AC respon-
siveness to Gsa could also underlie the previ-
ously reported ability of chronic morphine
treatment to markedly enhance low-dose
sufentanil facilitation of stimulatory AC
responsiveness (Wang and Gintzler, 1997).
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In essence, the demonstrated shift from opi-
oid receptor-coupled Giq inhibitory to Ggy
stimulatory AC signaling represents the mir-
ror image of the superactivation formulation
that heretofore has pervaded models of opioid
tolerance. As was demonstrated by Tsu et al.
(1995), ACs of the type II family (AC II) are
stimulated by an opioid receptor Gi-coupled
mechanism, as are ACs in the olfactory bulb
(Olinas and Onali, 1999). Thus, one could
envision that persistent exposure to opioids
could result in sustained activation of AC iso-
forms that comprise the type II family (as
opposed to inhibition of other isoforms).
Adaptation to this would result in its attenu-
ated activity in order to maintain normative
levels of cAMP. Thus, just as the abrupt
removal of opioid following chronic treatment
results in the superactivation (overshoot) of
AC isoforms I, V, VI, and VIII (Avidor-Reiss et

Volume 21, 2000



29

‘Juswieasy proido oruoay) saye uljeudis toydeday poido patayy | 814

(DMd) aseuni«¢

P

(IIA/I1 DV)

+++

101da9ay pioido (ITA 40/ pue A ‘T1) 8S€|9A0 _>_>=%<++

+ juauueau |
proidQ a1uoayn
—
—

..vwﬂéﬂ s

\
PP~

o
a0)dasay pioido ase[9A) jAjAuspy

+

Opioid Tolerance

Volume 21, 2000

Molecular Neurobiology



30

al., 1997), it would be expected to result in the
decreased activity of AC II, IV, and VIL
Indeed, AC activity has been shown to
decrease in the LMMP tissue following
chronic morphine treatment and its abrupt
withdrawal (Wang and Gintzler, 1995), which
was also recently demonstrated in cos-7 cells
transiently transfected with ACs of the type II
family (Avidor-Reiss et al., 1997). AC isoform-
specific stimulation (or inhibition) by opioids
would thus restore AC activity to opioid-naive
levels, resulting in the appearance of opioid
tolerance. Alternatively, or additionally, the
persistent opioid inhibition of AC I, V, VI, and
VIII via the generation of Gia would be miti-
gated by increasing the concentration and
phosphorylation state of AC isoforms of the
type II family, whose activity would be stimu-
lated by persistent opioid receptor activation
of Gi/Go (via the generation of Ggy). The dif-
ferential adaptation of AC isoforms to chronic
morphine could explain why AC superactiva-
tion is either absent from or only modestly
manifest in most brain regions.

It is important to note that this formulation
of opioid tolerance does not necessarily negate
the relevance of previously proposed mecha-
nisms underlying tolerance, e.g., receptor
uncoupling (Sim et al., 1996), desensitization of
p-opioid receptor coupled potassium channels
(Kovoor et al., 1995), but is complementary to
them. Although GTP\S* binding in response
to opioid agonist challenge does significantly
decrease in tolerant tissue, this decrement is
not manifest in all brain regions (Sim et al.,
1996). Furthermore, the effector systems asso-
ciated with this uncoupling have not been
unequivocally identified and undoubtedly
there will be variability in the extent to which
the activity of specific transduction mecha-
nisms is diminished as a consequence of
chronic morphine. For example, morphine
dependence is associated with increased cou-
pling of p-opioid receptors to presynaptic inhi-
bition in GABAergic nerve terminals, but not
glutamatergic nerve terminals, via AC- and
protein kinase A-dependent processes in the
periaqueductal gray (Ingram et al., 1998).
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Given the plethora of G protein (G;i) coupled
receptors that signal via AC, upregulation of
Gpystimulated AC isoforms in combination
with covalent modifications thereof (e.g. phos-
phorylation) that increase Gpy-stimulated
responsiveness would be expected to have
very wide-ranging physiological conse-
quences, beyond those directly under the influ-
ence of opioids. Thus, one consequence of
chronic morphine would be the upregulation
of divergent receptor-coupled stimulatory AC
signaling. The chronic morphine-induced shift
from predominantly Gia AC inhibitory to Ggy
AC stimulatory signaling provides a mecha-
nism for the well-documented heterologous
consequences of chronic morphine exposure.
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