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Abstract
Buprenorphine, an opioid with mixed agonist-antagonist activity at classical opioid receptors, has
been approved recently for the treatment of opioid dependency. Buprenorphine is also used as an
analgesic. The buprenorphine dose-response curve is sometimes submaximal, or even bell-shaped,
in nociceptive assays, depending upon the nature and intensity of the noxious stimulus. Moreover,
buprenorphine, when administered with full agonists, such as morphine, antagonizes the action of
these drugs. Partial agonism at the mu opioid receptor and, in some cases, antagonism at the kappa
or delta opioid receptor have been considered as possible underlying mechanisms for the ceiling
effect and bell-shaped dose-response curve of buprenorphine. While ceiling effects can be explained
by partial agonist activity of buprenorphine, the bell-shaped dose-response curve cannot be a
consequence of this property of the drug. Recently, buprenorphine has been shown to activate the
opioid receptor-like (ORL-1; also known as NOP) receptor. Supraspinal activation of the ORL-1
receptor counteracts the antinociceptive and rewarding actions of morphine, raising the possibility
that these actions of buprenorphine can also be altered by its ability to concomitantly activate the
ORL-1 receptor. The use of molecular biological techniques has advanced our knowledge regarding
the role of opioid receptors in modulation of pain and reward. In particular, generation of opioid
receptor knockout mice has proven useful in this regard. Indeed, using knockout mice, we have
recently shown that the antinociceptive effect of buprenorphine mediated primarily by the mu opioid
receptor is attenuated by the ability of the drug to activate the ORL-1 receptor. Thus, the goal of this
review is to provide evidence demonstrating that the ORL-1 receptor plays a functional role not only
in the antinociceptive effect of buprenorphine but also in other actions of the drug as well.
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INTRODUCTION
Buprenorphine, an oripavine derivative, is used clinically for pain management [21,74]. This
opioid analgesic, which was the focus of many clinical trials for the treatment of opioid
dependency [32,47,49,50,59], even in opiate addicts with a history of cocaine co-abuse [72,
85,86], has recently been approved for the treatment of opioid dependency [30]. However, the
mechanisms of action of buprenorphine are not fully understood. Martin and colleagues [56]
originally described buprenorphine as a partial agonist at the mu opioid receptor. Subsequent
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studies showed that buprenorphine can also bind to kappa and delta opioid receptors (Tables
1 and 2). The existing data show that buprenorphine displays a 10-fold lower affinity for the
delta as compared to the mu and kappa opioid receptors (Table 1) [see also, 31,71,83,84,98,
99]. Moreover, recent data demonstrate that buprenorphine, at low doses, blocks epsilon
receptors as well [62]. Overall, the body of literature suggests that buprenorphine is an opioid
with unique and complex pharmacology, i.e., it can act as an agonist and/or antagonist at
different classes of opioid receptors [31,71,79,83,84,98,99].

Soon after cloning of the delta opioid receptor [20,41], kappa and mu opioid receptors were
cloned [7,106,108]. In 1994, several laboratories described a fourth receptor clone that showed
approximately 65% homology, at the transmembrane domains, to the classical opioid receptors
[5,6,22,66,102]. Despite the similarities, most opioid receptor ligands do not interact with this
receptor which has distinct pharmacological characteristics [for reviews, see 60,65]. Therefore,
the term opioid receptor-like (ORL-1) receptor was coined and the ORL-1 receptor was
considered as the fourth member of the opioid receptor family.

Interestingly, this fourth member of the opioid receptor family is also coupled to the same
second messenger systems [9,10,22,42,57,61,66,70,78,97]. Thus, activation of the ORL-1
receptor leads to inhibition of the enzyme adenylate cyclase [61,78] and calcium channel
conductance [10,42,57]. Stimulation of the ORL-1 receptor also activates inwardly rectifying
potassium channels [9,97].

In 1995, two independent laboratories isolated orphan in FQ (also known as nociceptin; OFQ/
N) as the endogenous ligand of the ORL-1 receptor [61,78]. Interestingly, OFQ/N, a 17 amino
acid peptide, is structurally similar to the endogenous opioid peptides, in particular to
dynorphin A [33,61]. Paradoxically, supraspinal OFQ/N administration induces hyperalgesia
[55,61,78] or, at least, blocks the antinociceptive effect of mu, delta and kappa opioid receptor
agonists [64,67,92]. OFQ/N was accordingly proposed as an anti-opioid peptide in the brain
[63]. However, OFQ/N can also exert modulatory actions similar to that of opioids on
nociception depending on the behavioral state of the animal [73]. Furthermore, OFQ/N can
exert actions similar to or opposite from mu and kappa opioid receptor agonists depending on
which neurons are influenced by the peptide [73]. At the spinal level, OFQ/N produces effects
ranging from allodynia to antinociception [for review, see 65].

Buprenorphine has recently been shown to interact with the ORL-1 receptor (Table 1) [2,26,
31,53,105]. For example, we have shown that buprenorphine causes activation of the mitogen-
activated protein kinase with similar efficacy but lower potency than OFQ/N in Chinese
Hamster Ovary (CHO) cells expressing ORL-1 receptors [53]. Since activation of ORL-1
receptors leads to counter-opioid actions in the brain, the opioid receptor-mediated actions of
buprenorphine could be altered by the ability of the drug to co-activate ORL-1 receptors. The
aim of this review is therefore to provide evidence demonstrating the role of ORL-1 receptors
in buprenorphine’s actions.

1. THE ROLE OF ORL-1 RECEPTORS IN THE ANTINOCICEPTIVE EFFECT OF
BUPRENORPHINE

Agonistic actions of buprenorphine at mu and kappa opioid receptors have been proposed as
the underlying mechanism for the antinociceptive effect of the drug [12,75,94]. However, these
earlier studies did not use selective kappa opioid receptor ligands to identify the contribution
of the kappa opioid receptor in buprenorphine-induced antinociception [46,75,94]. Given the
fact that buprenorphine fails to produce antinociception in the presence of selective mu opioid
receptor antagonists [36,62] or in mu opioid receptor deficient CXBK mice [37], the role of
the kappa opioid receptor in the antinociceptive effect of buprenorphine remains controversial.
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The use of molecular biological techniques has advanced our knowledge regarding the role of
opioid receptors in modulating pain and reward. In particular, generation of opioid receptor
knockout mice has proven useful in this regard. Indeed, we have recently shown that
buprenorphine produces no antinociceptive effect in mu opioid receptor knockout mice [53],
providing further support for the notion that the action of buprenorphine is primarily mediated
by the mu opioid receptor. Although one could still argue that the presence of mu opioid
receptors may be necessary for the antinociceptive effect of buprenorphine through activation
of kappa opioid receptors, it is of interest to note that the antinociceptive effect of U50,488H,
a kappa opioid receptor agonist, is not altered in mice lacking the mu opioid receptor [58].

Despite the fact that buprenorphine is a potent analgesic, at higher doses the antinociceptive
effect of the drug sometimes reaches a plateau without producing a maximal response, i.e., it
produces a submaximal antinociceptive effect [12,18,51]. Partial agonism at the mu opioid
receptor is thought to be the underlying mechanism for this action of buprenorphine [27,46].
In addition, the term “auto-inhibition” is used to describe the submaximal antinociceptive effect
of buprenorphine, i.e., the mu and kappa opioid receptor-mediated actions of buprenorphine
are inhibited by the ability of the drug to interact with the delta opioid receptor [83,84]. The
majority of available data shows that buprenorphine acts as a delta opioid receptor antagonist.
Since delta opioid receptor antagonists do not decrease the antinociceptive effect of mu opioid
receptor agonists, other mechanism(s) may be involved. As stated above, the ORL-1 and
classical opioid receptor systems represent two opposing mechanisms of pain modulation
[55]; thus, it was proposed that the auto-inhibitory mechanism occurs through activation of the
ORL-1 receptor, i.e., the mu opioid receptor-mediated antinociceptive effect of buprenorphine
is attenuated by its ability to concomitantly activate the ORL-1 receptor. Consistent with this
hypothesis, the antinociceptive effect of buprenorphine is greater in mice lacking the ORL-1
receptor [53], whereas the antinociceptive effect of morphine, which does not interact with the
ORL-1 receptor [53], is not altered in these mice [53,96]. Thus, it is possible that the
antinociceptive efficacy of buprenorphine is modified by concomitant activation of ORL-1
receptors. Given the problems associated with the use of knockout mice, the increased efficacy
of buprenorphine in ORL-1 receptor knockout mice might be due to compensatory changes
that could occur during development in these animals. However, we have recently shown that
the antinociceptive effect of buprenorphine is also enhanced in the presence of J-113397, an
ORL-1 receptor antagonist [38], in wild type mice, but not in mice lacking the ORL-1 receptor,
which further supports the notion that the antinociceptive efficacy of buprenorphine is altered
by its ability to co-activate the ORL-1 receptor and not because of compensatory developmental
changes. Thus, activation of the ORL-1 receptor contributes to the ceiling effect of
buprenorphine [53].

Previous studies have shown that buprenorphine not only produces a submaximal
antinociceptive effect but, in some cases, is associated with a bell-shaped dose-response curve.
It is of interest to note that the curvilinear antinociceptive dose-response relation for
buprenorphine is only obtained in tests utilizing high intensity noxious stimuli [53]. For
example, the dose-response relation for buprenorphine in rats resembles an inverted U in the
50°C tail withdrawal test or in the early phase of the formalin test. In contrast, buprenorphine
gives a sigmoidal dose-response curve against the lower stimulus associated with the late phase
of the formalin test [104]. Although one may relate the ceiling effect of buprenorphine to the
partial agonist activity of the drug at the mu opioid receptor, the bell-shaped dose-response
curve cannot be explained by this property of the drug. Indeed, we have recently shown that
the bell-shaped dose-response curve of buprenorphine can also be blocked by inhibition of the
ORL-1 receptor [53]. Thus, activation of the ORL-1 receptor may also contribute to the bell-
shaped dose-response relationship of buprenorphine.
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2. THE ROLE OF ORL-1 RECEPTORS IN THE ABILITY OF BUPRENORPHINE
TO BLOCK THE ANTINOCICEPTIVE EFFECT OF FULL AGONISTS

Buprenorphine produces not only a submaximal antinociceptive effect [12,18,51], but also
attenuates the action of morphine and other full agonists. In some cases, buprenorphine totally
abolishes the action of full agonists [12,45]. The underlying mechanism for this antagonism
remains elusive. Previous studies have used the term “partial agonism” at mu opioid receptors
[12,18] or antagonism at the kappa opioid receptor [45] to describe the antagonistic action of
buprenorphine. Since intracerebroventricular OFQ/N administration blocks the
antinociceptive effect of morphine and other opioid analgesics [for review, see 65], we
hypothesized that buprenorphine also inhibits the action of morphine via activation of the
ORL-1 receptor. Indeed, our preliminary data demonstrate that buprenorphine attenuates the
antinociceptive effect of morphine in wild type mice to a significantly (p<0.05) greater degree
than in ORL-1 receptor knockout mice (Fig. 1).

3. THE ROLE OF ORL-1 RECEPTORS IN TOLERANCE TO BUPRENORPHINE
Opioid analgesics are used widely for the treatment of moderate to severe pain. The clinical
usefulness of these drugs is often hampered by the development of tolerance after chronic
treatment [13,103]. Among others, a proposed mechanism of tolerance is increased activity of
the so-called anti-opiate peptides in the brain [23,25]. Regarding the role of OFQ/N in opioid
tolerance, a recent study showed increased levels of OFQ/N in cerebroventricular perfusate,
periaqueductal gray and amygdala from morphine-tolerant rats [107]. On this basis, it has been
proposed that continuous administration of morphine accelerates the biosynthesis and/or
release of OFQ/N to antagonize the effect of morphine, thereby contributing to the phenomenon
of tolerance. In support of this notion, intracerebroventricular injection of an antibody raised
against OFQ/N partially reversed the expression of morphine tolerance [93]. Moreover,
morphine tolerance is partially inhibited in mice lacking the ORL-1 receptor [96].

Although tolerance to the antinociceptive effect of buprenorphine has been demonstrated, the
onset is slower than tolerance to morphine [12]. Indeed, an early clinical report suggested that
there was no need to escalate the dose of buprenorphine for patients with chronic pain for
several weeks to months of treatment [27]. Recently, concomitant OFQ/N treatment with
morphine was shown to attenuate the development of morphine tolerance in rats [54], raising
the possibility that tolerance to buprenorphine can be altered by its ability to concomitantly
activate the ORL-1 receptor. Thus, we determined the development of tolerance to the
antinociceptive action of buprenorphine in mice lacking the ORL-1 receptor. Mice were
injected with saline or buprenorphine (1 mg/kg, s.c.) once daily for 4 days and tested 24 h later.
On day 5, mice were tested for baseline tail flick latency, injected with buprenorphine (1 mg/
kg, s.c.), and re-tested 15 min later. Two-factor analysis of variance revealed a main effect of
genotype (F1,19 = 3.82; p<0.05), and a main effect of treatment (F1,19 = 12.33; p<0.05). Post-
hoc analysis of the data showed that buprenorphine elicited a significantly (p<0.05) greater
antinociceptive effect in mice lacking the ORL-1 receptor (Fig. 2; compare WT/SAL vs. KO/
SAL). Whereas limited and non-significant (p>0.05) tolerance occurred in wild type mice after
repeated buprenorphine treatment (compare WT/SAL vs. WT/BUP), the antinociceptive effect
of the drug was significantly (p<0.05) reduced in mice lacking the ORL-1 receptor (Fig. 2;
compare KO/SAL vs. KO/BUP). Thus, activation of the ORL-1 receptor may also contribute
to the limited tolerance associated with buprenorphine. It is unclear, however, whether
activation of the ORL-1 receptor modulates the development and/or expression of tolerance.
One plausible explanation would be that tolerance develops to the mu opioid receptor-mediated
action of buprenorphine; however, it is confounded by a reduced antinociceptive effect of the
drug (floor effect), due to activation of the ORL-1 receptor, in wild type mice.
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4. THE ROLE OF ORL-1 RECEPTORS IN LIMITED DEPENDENCE LIABILITY
OF BUPRENORPHINE

Buprenorphine has been under extensive investigation for the treatment of opioid dependency
[32,48,59,72,85]. Chronic use of opioid analgesics can lead to a state of drug dependency,
manifested by abstinence or antagonist-precipitated withdrawal [13]. Buprenorphine is
associated with a limited physical dependence capacity in humans and laboratory animals
[56,100]. Buprenorphine also has the ability to either block naloxone-precipitated withdrawal
(jumping) in morphine-dependent mice [46,76] or to elicit jumping in mice implanted with
morphine pellets [11].

Buprenorphine dissociates extremely slowly from its receptor [76]. The partial agonist activity
at the mu opioid receptor [56] along with its slow dissociation rate may be rate-limiting factors
in dependence aspects involving buprenorphine. Recent evidence, however, suggests that the
ORL-1 receptor may also be involved in drug dependency [39,44]. Intracerebroventricular
OFQ/N administration, for example, blocks wet-dog shakes induced by naloxone in morphine-
dependent rats [44]. Furthermore, naloxone-precipitated withdrawal jumping is significantly
increased in OFQ/N transgenic knockout mice [39]. Since buprenorphine interacts with the
ORL-1 receptor, it is also possible that the dependence liability of the drug would be altered
in mice lacking the ORL-1 receptor or if the drug is administered in the presence of an ORL-1
receptor antagonist. Thus, further studies are needed to determine whether activation of the
ORL-1 receptor contributes to the limited dependence liability of buprenorphine and in the
ability of the drug to block signs of naloxone-precipitated withdrawal in opioid-dependent
rodents.

5. THE ROLE OF ORL-1 RECEPTORS IN THE REWARDING ACTION OF
BUPRENORPHINE

Opioids exert their motor stimulatory and rewarding effects by facilitating neurotransmission
along the mesolimbic dopaminergic reward circuitry [for review, see 43]. For example, it has
been demonstrated that mu and delta opioid receptor agonists increase, while kappa opioid
receptor agonists decrease, extracellular dopamine in the nucleus accumbens [14,91]. The
action of OFQ/N is somewhat similar to that of kappa opioid receptor agonists. Thus,
intracerebroventricular OFQ/N administration decreases basal [14,69] and cocaine-induced
elevation of extracellular dopamine in the nucleus accumbens in anesthetized rats [52].
Moreover, OFQ/N attenuates morphine-induced increases in extracellular dopamine [15,16]
and blocks acquisition of conditioned place preference induced by morphine [8,68].
Importantly, buprenorphine increases extracellular dopamine and elicits rewarding actions in
a bell-shaped manner [3], suggesting that the mu opioid receptor-mediated actions of
buprenorphine can be compromised by its agonist activity at the ORL-1 receptor. Further
studies are required to determine the role of ORL-1 receptors in the rewarding actions of
buprenorphine.

Opioids and other drugs of abuse, under certain conditions, produce behavioral sensitization,
a phenomenon that is thought to be the basis for drug craving [for reviews, see 81,82]. The
phenomenon of behavioral sensitization or “reverse tolerance” refers to an increase in motor
stimulatory and stereotypic behaviors of stimulant drugs [35,80,87]. Psychomotor stimulant
drugs, such as cocaine and amphetamine, as well as mu opioid receptor agonists can elicit
behavioral sensitization [1,34,90]. Kappa opioid receptor agonists, on the other hand, due to
their inhibitory action on dopamine release and motor activity, block behavioral sensitization
induced by psychostimulants [28,29,88]. Moreover, norbinaltorphimine, a kappa opioid
receptor antagonist, has been shown to act synergistically with morphine to induce a greater
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degree of sensitization [90]. Our preliminary data show that buprenorphine produces its motor
stimulatory action primarily through the mu opioid receptor (Lutfy and Kieffer, unpublished
data). Repeated treatment with buprenorphine produces a sensitized response to a subsequent
challenge dose of the drug given on day 11 in wild type mice. However, buprenorphine fails
to produce sensitization in mice lacking the mu opioid receptor (Lutfy and Kieffer, unpublished
data). As stared above, the action of OFQ/N on the dopamine system is opposite to that of mu
and delta opioid receptor agonists but somewhat similar to kappa opioid receptor agonists.
Thus, it is possible to observe an increase in motor activity and a greater behavioral sensitization
after repeated buprenorphine treatment in ORL-1 receptor knockout mice. Similarly since the
rewarding action of morphine is also mediated through the mu opioid receptor [for review, see
40], it is possible that the morphine-like rewarding action of buprenorphine win be enhanced
in ORL-1 receptor knockout mice.

PRECLINICAL PHARMACOLOGY AND CLINICAL EXPERIENCE
Much has been written about the shape and nature of the buprenorphine dose-response curve,
obtained in certain preclinical nociceptive assays [19,104], The many confirmatory reports of
inverted U-shaped curves with buprenorphine have heightened interest in this unusual
compound over the past 30 years. Theories on the receptor pharmacology of buprenorphine
have appeared in parallel with technological advances and have accompanied the passage of
this analgesic from a Laboratory mouse to human addict and patient in pain. In retrospect, the
buprenorphine curvilinear dose-response relation has turned out to be a rodent phenomenon.
From a practical point of view, concern over possible submaximal analgesic effects with
buprenorphine in humans with moderate to severe pain has not been realized. However, a
ceiling effect for respiratory depression has been described for increasingly higher doses of
sublingual buprenorphine in humans [101]. This frequently quoted result, which was attributed
to pharmacodynamic rather than to pharmacokinetic factors, underscores the encouraging
safety profile of buprenorphine. Additionally, this result is in line with buprenorphine data on
blood gases (pCO2 values) obtained from conscious rats [17].

Little attention has been paid to the possible role of buprenorphine metabolites in explanations
of the biphasic dose-response curve. Norbuprenorphine, the major N-dealkylated metabolite
of buprenorphine, has its own distinct profile at opioid receptors, including full agonism but
low potency at the ORL-1 receptor (EC50 > 1 μM in both stimulation of [35S]GTPγS binding
and inhibition of forskolin-stimulated adenylate cyclase) [31]. In the mouse writhing assay,
sigmoidal dose-response curves were associated with buprenorphine; and with
norbuprenorphine. Both compounds had comparable antinociceptive efficacy after
subcutaneous administration, with buprenorphine being about 3 times more potent than the
metabolite. That the accumulation of norbuprenorphine might influence the receptor kinetics
of buprenorphine in certain laboratory test procedures [95] is currently being revisited,
prompted by the assumption that norbuprenorphine contributes to the overall in vivo
pharmacology of buprenorphine.

The unique receptor profile of buprenorphine, together with high potency and such
physicochemical characteristics as high lipophilicity and low molecular weight have recently
triggered a new way in which this analgesic may be used in pain management. Thus,
transdermal formulations of buprenorphine are now available [4,89] or under development
[24.77]. These patches provide consistent buprenorphine delivery for 3 or 7 days and hold
promise for improved ease of use and patient compliance in a variety of severe and chronic
pain-related indications.
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CONCLUSION
Buprenorphine is used clinically for pain management and has recently been approved for the
treatment of opioid dependency. However, the mechanisms of action of buprenorphine are not
fully understood. Recent data suggest that the action of buprenorphine at the ORL-1 receptor
could be responsible for the ceiling effect and for the bell-shaped dose-response curves
observed after administration of the drug in the radiant heat tail flick assay. Since activation
of the ORL-1 receptor blocks the rewarding actions of morphine, the ability of buprenorphine
to curb drug dependency may also stem from its interaction with ORL-1 receptors.
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Fig. (1).
Buprenorphine attenuates morphine-induced antinociception in wild type, but not ORL-1
receptor knockout, mice in the radiant heat tail flick assay. Mice were tested for baseline tail
flick latency, injected with morphine (2.5 mg/kg, s.c.) and tested 30 min later. The same mice
were injected with the next dose of morphine (5 mg/kg,) and tested 30 min later. After the tail
flick latency was measured 30 min following the last dose of morphine (10 mg/kg, s.c.), mice
were injected with buprenorphine (3 mg/kg, s.c.) and tested after a further 15-min delay. Data
are means (± s.e.m.) of 5–6 mice/genotype.
*indicates a significant difference between wild type (WT) and knockout (KO) mice (t = 4.07;
p<0.05).
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Fig. (2).
Tolerance develops to the antinociceptive effect of buprenorphine in mice lacking the ORL-1
receptor in the radiant heat tail flick assay. Mice were injected with either saline or
buprenorphine (1 mg/kg, s.c.) once daily for 4 days. On day 5, mice were tested for baseline
tail flick latency, injected with buprenorphine (1 mg/kg, s.c.) and re-tested after 15 min. Percent
maximum possible effect (%MPE) was obtained using the formula: %MPE = [(Test latency −
Baseline) / (Cut-off (15 sec) − Baseline)] × 100. Data are means (+ s.e.m.) of 5–7 mice/
treatment/group.
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Table 1
Apparent Ki Values of Buprenorphine for the Various Members of the Opioid Receptor Family. Data are Mean ± s.e.m.
(nM).

Mu Delta Kappa ORL-1
Rat Braina 0.08 ± 0.02 0.42 ± 0.04 0.11 ± 0.05 285 ± 30

Monkey Brainb 0.08 ± 0.01 0.82 ± 0.11 0.44 ± 0.08 ND
a
[31];

b
[71]; ND, not determined
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Table 2
EC50 Values and Maximal Response of Buprenorphine in Stimulating [35S]GTPγS Binding to Membranes of CHO
Cells Transfected with Various Members of the Opioid Receptor Family. Data are Mean ± s.e.m.

Mu Delta Kappa ORL-1
EC50 0.08 ± 0.01 nM NS 0.04 ± 0.01 nM 35 ± 30 nM

Percent Stimulation (38 ± 8%) NS (10 ± 4%) (60 ± 10%)
[31]; N.S., no stimulation
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